AD-770  939 

PROBLEMS  OF  PROCESSING  COMPLEX  SIGNALS 
IN  CORRELATED  SYSTEMS 

V.  I.  Vinokurov,  e  t  al 

Foreign  Technology  Division 
Wright- Patterson  Air  Force  Base,  Ohio 

9  November  1973 


DISTRIBUTED  BY: 


SmiS' 


Nattonl  fabrical  liftnutiN  Stnrici 
U.  S.  DEPARTMENT  OF  COMMERCE 

5285  Port  Royal  Road,  Springfield  Va.  22151 


Best 

Available 

Copy 


Unc lasslf led 


fib'll 6  939 

rWL  DATA  HID  ^ 


DOCUMIHT  CONTI 

(tturliF  tlaiillHMtm i  *1  Hilt,  >«0  «/  «>«mt  w<  lokailwi  tnntiaHn  muti  f  tmm<  »)mi  ih*  a wwll  rtnw  la  elattill**^ 


'9»i»iHT7mtrSeT77i7^t, 

'•’oroirn  Technology  Division 
Air  Force  Systems  Command 
N.  Air  Force 


U.  NIPONT  ItCyHlTv  Cl  Atfinc  4TION 


Unclassified 


Ik.  OMOUk 


I  ■«»0«T  Tl  TL «  "" 

PFCBLEMS  OF  PROCESSING  COMPLEX  SIGNALS  IN  CORRELATED  SYSTEMS 


Translation 

•  *ut»o»in  (Flm  mu#,  mltm*  Mttsl,  tan  hmj 

v.  T.  Vinokurov,  R.  A.  Vakker 

M  "f»0»T  OATI 

|  1Q72 

225 

71.  NO  ON  NCNt 

81 

M.  CONTHACT  OH  HUNT  NO 

— 

INItl 

FTD-MT-24-716-73 

e. 

a.  77*1-05-19 

M.  OTNII  HI  NO  NT  NOitl  (Any  mlht  nmtiri  Mot  m 

Mi  wpirf) 

1*  OllTMIkuTtOM  ITIKMUT 

Approved  for 
distribution 

public  release; 
unlimited. 

It.  kkOMIOMINk  MILIT4HV  aenviTT 

Foreign  Technology  Division  ' 

Wripht-Patterson  AFB,  Ohio 

in  - - -~i 

*cpr  rfucrti  by 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

U  5  frpoi'-'  nnl  r  f  Con'Wkfff 

Sr-  i  A  27 151 


# 

a. 


DD  ’r..1473 


Unclassified _ 

Skcurilv  Clatnfication 


r  r 


EDITED  MACHINE  TRANSLATION 


TiTlJ-M7-?Ji-71f-73  D  ilov^mter  1973 

PRC BL PEN  f?  rROCKSrJIJG  COMPLEX  SIGNALf  IN 

PE  LA  TED  PYoTEMN 
i 

7.  T.  Vinokurov,  P.  A.  Vakker 
Er.rl  i.-J.  rarer.  :  ?2r 


Vrrrory  rival  otki  Clozhnykh  Sipnalov  v 
Korrelyatsionnykh  fdstemakh,  IQ72> 
r  r  .  1  -  E 1  A 


'^untrv  f*  ^ririn:  USSR 


P o ::  - ;  •  r  ‘  or : 


/pr,T  ^ 
i  -  V  .  > 


7hi  ~  i  ecu  merit  in  a  SYSTRAN  machine  aided 
y rMnnl at! :r.,  post-edited  for  technical  accuracy 
l  v  :  Earl’  vn  r  laechea 


Apr  raved  for  pul  lie  release; 
di  r, tril  ut i on  unlimited. 


THIS  TRANSLATION  IS  A  RENDITION  OF  THE  ORIGI¬ 
NAL  FOREIGN  TEXT  WITHOUT  ANY  ANALYTICAL  OR 
EDITORIAL  COMMENT.  STATEMENTS  OR  THEORIES 
ADVOCATED  OR  IMPLIED  ARE  THOSE  OF  THE  SOURCE 

PREPARED  BY: 

ANOOO  NOT  NECESSARIl  Y  REFLECT  THE  POSITION 

translation  DIVISION 

OR  OPINION  OF  THE  FOREIGN  TECHNOLOGY  DI- 

FOREIGN  TECHNOLOGY  DIVISION 

VISION. 

WP.AFB,  OHIO. 

id 

>-MT-  211-71  h,72  -H 

Date9Nov  1973 

All  figures,  graphs,  tables,  equations,  etc. 
merged  into  this  translation  were  extracted 
from  the  best  quality  copy  available. 


it 

c 


. ‘  -  ■“ 


.  ... 


HAlH 


:  1.  !•■ 

" 7 " l J 

I  ?  ! •  r  \ 

’  rat . 

’  terat  5  <  : 

:  .•  • 

7V 

4  -  !* ! 

r* 

at.  • 4  ;  err  .  . 

: . 't  i  *  ’  ’  • 

•  >  •  •  • 

i  »  i 

‘  w‘:  •  !>r  r 

•  •  • 

(*  >1  4 

!or  of  fir: 

....  t  . 

/  1  /i  1  7  7 

i  c  a: . 

:  nr  :  1 

r  vw- 

:t.  J  or:,  and 

1  at: 

•-■•r 

F  n  Method, 
a  1  a;*  I  v  co 

*  .  •  .  .  j 

#  •  .  * 

:  c  •:!. 

:  :  •  a  oatr-d 

r 

ocos sen  .  .  . 

;  at.  i 

at;  i  : 

:  roudcvand 

or. 

Pro  cert  res  . 

:  .  ■ .  '  vr-'l 

t  Vi  o(,  ♦ 

'll'  :  O!; 

.  ,  .  r  * 

•  7"  f  f-r-':  le 
.  !:k- a 

>-» 

f  dausslan 
rat.r,  format 

•  •  .  '  >»>•*»  1'^  r,  v,’  . . 

’  •  - .* !  t'fi  Pr !  r.o  !  f  1  •  of  fv-rr>- l  it  or 


:•*  ‘■•r  ’  ::t:  i  cr  of  Fd'n?  F  !  flVrenc;  Frequency 


■•  arc4-  I  oral  •  v  rr-laterr . 

v  !■?*-•  1  at !  r  n  i'**v‘c'r  Tor  Trackinr  a  firnal  kola; 


’Pap*  r.  (V.  rr^lat^d  Py stems . 

.1.  r- 1 r-f- 1  -i’  >~-(\  I ic-l  oft  1  or:  Pys  terns . 

J .  .  Par  !  v*  v,rv«  ]  nt**d  fanasurinr  fyrtenu 


■<_'  * 


n 

i  •• 


’i 

"i 

£  h 


in  hi  numMMli— «— 


MW 


. ■■■  Ml* 


1 .  .  Ant  1  fad !  nr  Communi  cat  Ions 


] .  A.  Correlated  Measuring  Complexe 


•’ourth  Chapter.  Noise  n.aracterl st  1  cs  of  Functional 
PI  f  Terence  Frequency  Correlator;*  on  ilonl  inear  Elements 
of  the  v-th  Pov;er . 


A.l.  Coe  rf  Tran:*. format  1  on  Method  to  Analyze  Noise 
Characteristic.",  of  Functional  Correlator . 


A .  P .  Regular  Vo It  are  Component  at  Correlator  Output.. 


Autocorrelation  Function  and  Knerr.v  Cpectrum  of 
Volt  are  at  Cut  put  cf  nonlinear  Flement . 


.'1  rnal/flo ! :*•:•  Ratio  at  Correlator  utput 


Cpoctral  Density  Characteristics  of  Random 
!  recesses  ( Particular  Cares)..... . 


Rf f-'Ct  1  ve.ness  cf  Functional  Correlator, 


1ft:.  charter.  Mol  no  Characteristics  cf  Functional 
’crrela*  or.*  Rase’  on  nonlinear  Element.*  with  an 
Fxr  or.ent  lal  ’naracteri  stle . 


r .  1 .  F*gular  Volt  are-  Component  at  Correlator  Output... 


r  .  ?  .  Ci  snal/L’oi  se  Ratio  at  Correlator  Cutout 


Effectiveness  of  Functional  Correlator. 


Relict  Inr*  Parameters  ar.d  Elements  In  simplest 
Functional  Correlators . 


'  ixth  Chapter.  Fffect  of  Linear  Cf. 
Process  inr  oP  Poise  Cignals . 


on  Correlation 


o.l.  Analysis  of  Linear  Trar. 

Correlated  fystems . 


'on  in 


t . 2 .  Cross-Correlation  Function  f  Processes  at 
Outputs  of  n-Otage  Linear  Filters . 


C.R.  Effect  of  Ilonl  dent  1  cal  Characteristics  of 
Linear  Devices  on  the  .Chape  of  the  Cross- 
Correlation  Function . 


O.A.  Effect  of  Nonidentical  Characterist i cs  in 

Linear  Units  on  Accuracy  of  Measuring  Delay  and 
Output  Clgnal/Noise  Patio . 


FTP- Ml  -  PA- 7 1C- 7 3 


11 


■  .  .  Meauur!  nr  ('  rrelatlon  Function  in  the  CVne  of 
I ’ I t o i*l  ion.',  in  One  Channel . 

o'  :  ''.ui  *<*r.  c>  ru'i-ia4  Ira  {-?•'  t  1  rt  !r»r>  of’  Filtered 

r  m.  -Fan  1 1  1 1  at  ■'  I  ’  rna  ! . . 

"  .  I  .  A  ;*  ■  1  a*  I  rn  Fuuct.  I  r  a  .  . . 

.  'articular  *u  f  flmal  Ki  It rat  ion . 

' .  • .  ’  arneior! nt  ]  o;*  f  ,;nv*‘3ope  of  Correlation 

-'in  "  !  : .  Durlnr  .’i.-na]  FI  It  rat  ion . 

.  .  :  •'  -  f  t  •  v  a;  ■  f  /»:•{  1  !  *  u  i^-Frequen^y 

'■  .ara'-'  fi'i .- 1  i  ■  f  V !  1  .  r  n  Ccrrel  ati  on 
"  •  n c *  ion  of  Fi  It  f  !  rnal . 

f  hi  near-  inr.el on  Correlation 
-ul  at-  !  i  .-rial . 

1;, of  Linear  Tranof  rrr.a-  ! r-nr  in 

•  are  i  at  e  i  r.y.-trtr . 

’  rr*e]atian  Pi'rpu’thT  of  P  h  a  c  e  -  M  a  n  1  p  u  1  a  t  e  d 
al  icf.  Ha:-  Panned  P’hrourh  an  n-Stare 

•  .  nance  Filter . 

offer* t-  p  h'cni  i**nt J  cal  Characteristics  of 
I  '  n *"•  a :  "nit.;  on  Cvntenat i  f  Krror  In  Mean ur! nr 


t eo.at i  c  F.rror  in  Meacurir.r  relay  for 
!•'  — Fan  i  Filter."  in  the  Channel r.  of  th^ 
’orrelat  I  .  n  fynt^ir. .  . . 


u.  S.  BOARD  ON  GEOGRAPHIC  NAMES  TRANSLITERATION  SYSTQf 


/ 


Block 

A  a 


B 

B 

r 

n 

E 

)K 

3 

M 

R 

K 

n 

M 

H 

0 

n 


6 

■ 

r 

a 

• 

m 

M 

M 

a 

M 

N 

0 

n 


Italic 

A  a 
B  6 
B  a 

r  $ 
n  6 

E  t 
M  x 
3  i 
H 


a 

K 

n 

M 

H 


u 

a 

K 

M 

m 

H 


0  o 

n  » 


Transliteration 

A,  a 

B,  b 
v,  v 
G,  g 
D,  d 

Ye,  ye;  E,  e* 
Zh,  zh 
Z,  z 
I.  i 
Y,  y 

K,  k 

L,  1 

M,  m 

N,  n 

O,  o 

P,  P 


Block 

P  P 


C 

T 

y 

0 

x 

u 

H 


e 

T 

y 

♦ 

a 

u 

H 


Ul  III 
IU  Ul 

%  * 
hi  u 
b  k 
1  » 
»  0 
n  « 


Italic 

P  P 


e 

T 

y 

0 

x 

u 

v 

w 

IU 

% 

hi 

h 

9 

to 

M 


€ 

m 

y 

# 

M 

1 

V 

m 

W 

% 

* 

a 

a 

m 

a 


Transliteration 
R#  r 

S,  s 

T,  t 

U,  u 
F,  f 
Kh,  kh 
Ts,  ts 
Ch,  ch 
Sh,  sh 
Shch,  shch 

n 

Y*  y 
• 

Ef  ® 

Yu,  yu 
Ya,  ya 


ye  Initially,  after  vowels,  and  after  t 

*  ,ln  RuB8lan*  transliterati 
Tne  use  of  diacritical  marks  is  preferred, 
may  be  omitted  when  expediency  dictates. 


e  elsewhere, 
as  yB  or  B. 
but  such  marks 


FOLLOWING  ARE  THE  CORRESPONDING  RUSSIAN  AND  ENGLISH 
DESIGNATIONS  OF  THE  TRIGONOMETRIC  FUNCTIONS 


Russian 

English 

sin 

sin 

cos 

cos 

tg 

ten 

ctg 

cot 

see 

eec 

cosec 

esc 

sh 

einh 

ch 

coeh 

th 

tanh 

cth 

coth 

sch 

sech 

each 

each 

ere  sin 

ain-i 

ere  cot 

cos-1 

ere  tg 

ten“l 

ere  ctg 

oof"1 

ere  see 

sec"1 

ere  coeee 

CSC”* 

ere  eh 

sinh-^ 

ere  ch 

coah"1 

ere  th 

tenh_i 

ere  cth 

coth"^ 

ere  eeh 

aech”1 

ere  cseh 

CBCh"”! 

rot 

curl 

lg 

log 

%  t  ^  r;  ^  r , T  T  *  t*  7  r\  ?  t 
.  .  J  *  .  »  1  V  .  1  i  « 
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nr  i  ~:isl neeri nr ,  particularly  in  radio  electron!  cr  , 

■:  .*  t !  c  y  r +  ■  ,  and  e  ntr  1  an  i  measuring  *  echnclory . 

In  m--ns  urine  |  x-(  Mens ,  which  ar*-  based  cn  the  use  of  the 
■  rr-Iuti  or.  hci,  the  correlator  is  of  primary  interest.  In  tills 
cat-  we  study  : rimarily  the  systematic  error  in  correlators  of 
; !  f  f-'r-n"  tyres  operating  witnout  interference  and  under  conditions 
tie  .-••coniary  units  of  the  system  (arr.pli  flerc ,  filters, 

*  ransducers  ,  --tc .  )  do  not  introduce  additional  error. 

j r.  examining  systems  for  detecting  and  measuring  the  parameters 
rf  weak  signals  attention  is  focused  on  analyzing  the  potentials 
f  the  system  for  separating  the  useful  signal  in  the  presence  of 
is--.  i  *  vi  at  ions  frr  m  optimal  design  in  the  system  which  result 
fr  s.  production  technology  are  generally  ignored. 

In  the  monograph  an  attempt  is  made  to  study  the  effect  of 
certain  factors  resulting  from  deviation  from  the  ideal  of  the 
tec.nnical  parameters  of  the  system,  which  leads  to  a  breakdown  in 
correlation  processing,  on  the  parameters  and  noise  characteristics 
of  correlation  systems.  The  first  three  chapters  are  dedicated  to 
individual  problems  of  the  technical  application  of  correlation 
methods.  The  characteristics  of  periodic  noise  signals  are 
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functional  dependences  which  greatly  Impair  the  noise  character- 
'  '  1  Discussed  are  the  reasons  for  additional  losses  and  ways 

In  which  they  can  be  decreased. 

"haptens  (  and  8  are  dedicated  to  analyzing  the  effect  of 
linear*  ilstrrtlons  in  the  spectral  density  of  the  studied  processes 
n  their  cross-correlated  and  autocorrelated  characteristics. 

!  I  near  distortions  appear  In  the  absence  of  agreement  between  the 
fre-juency  characteristic  of  the  filter  and  the  spectral  density  of 
•"he  signal,  when  tirere  is  a  scale  shift  in  frequencies  relative  to 
t.v:  spectral  density  of  the  studied  processes,  etc.  Linear 
i !  st  r‘  I  ns  nay  !e  different  In  each  of  the  investigated  processes, 
w Lie;,  leads  to  a  change  in  the  cross-correlation  function  of  these 
:  r  cf*.-.  "s.  'll  an  res  In  the  main  lobe  of  auto-  and  cross-correlation 

functions  and  Its  shift  along  the  delay  axis,  the  increase  in  the 
si  ie  lotos,  the  deterioration  in  the  signal/noise  ratio,  and  other 
•haracterlst  ics  are  examined.  IJoise  and  phase  manipulated  signals 
■*.!*•*  analyzed.  The  distortions  examined  in  the  monograph  by  no 
."fans  encompass  ail  questions  concerned  with  the  development  and 

*  ns’  ruction  of  correlation  systems.  A  number  of  questions  not 
tr-at>  d  in  the  monograph  are  cited  in  the  literature. 

numerous  graphic  representations  of  the  investigated  depend- 

•  nces  are  presented  In  this  study.  This,  In  the  opinion  of  the 
authors,  should  facilitate  understanding  and  use  of  the  material 
in  this  lock  ar.d ,  furthermore,  make  it  possible  to  abbreviate  some 

f  th-  aw sward  mathematical  transformations. 

.. ur-stlons  of  probability  theory  are  not  discussed  in  the 
monograph.  A  short  list  Is  given  of  the  basic  ideas  on  which  the 
material  is  lased.  The  material  Is  discussed  in  relation  to  the 
t  rot  1 e ms  of  radioelectronics,  although  general  methods  and  some 
ol  tained  results  may  be  extended  to  other  branches  of  technology 
related  to  correlation  analysis. 


The  results  cited  in  the  text  frequently  refer  not  to  the 
work  in  which  they  were  originally  obtained,  but  In  later  works . 
Problems  of  priority  require  special  analysis,  and  no  analysis  is 
made  here.  We  realise  tbit  the  literature  presented  in  the  monograph 
is  Incomplete. 

The  proposed  bos-,  was  intended  for  a  wide  circle  of  specialist:’, 
involved  in  processing  complex  signals  in  the  pres  nice  of  noise 
and  correlation  systems  and  devices,  as  well  as  graduate  students 
and  students  of  senior  courses  specializing  in  the  field  of 
radioelectronics,  control,  and  meas urements . 

The  authors  are  extremely  grateful  to  Professor  S.  I.  Bychkov 
for  his  constant  assistance  in  this  work,  his  advice  and  criticism. 
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a  work.  The  Look  was  greatly  improved  by  the  valuable  advice  and 
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FIRST  CHAPTER 


CORRELATION  PROPERTIES  OF  SIGNALS 

1.1.  f.:a::ir  rc’AMOF  of  •  rrklation 
r>r  r::  a?;alyzt::o  pa'idom  Aim 
;  *lar  ■  p  -  \  '  r.' 

Tu  ''nee  'ini  veehnol  ogy  a  very  Important  role  1.'  played  by 
i  :■  cess-  ■  which  a)’"  determined  by  a  nurd  er  if  fact  err*  and  Jnter- 
:vlat  I  on. '.hi  ns ,  detailed  study  of  which  requires  the  use  of 
■•atirtlcal  analysis  methods.  The  statistic  approach  refrains 
fr  n  precii  ct  inr  an  exact  result  for  each  Individual  experiment  and 
Is  :  used  on  the  study  of  a  rroup  of  experiments.  With  this 
asir  ash  cn*1  can  disco ver  regular  it4.  -?s  and  quantitative  relation¬ 
s'.  *  r  s  w:.  !  car.  be  deccrli  ed  by  roans  of  the  probability  theory 
a.:,  i  i"  a4*  ii  er.st  t !  cal  statistics. 

Random  processes  ar  ften  processes  which  occur  in  time. 

The  r:.nt  hemat  i  cal  apparatus  of  the  theory  of  random  functions  Is 
use  i  for  the  characteristics  of  such  processes.  Function  xft) 
of  irrumont  t  is  called  random  if  i t ;  value  is  a  random  quantity 
it  any  possible  value  of  t  [2h,  37,  ] .  Sometimes  it  is  convenient 

to  rive  a  random  function  as  an  analytical  formula  in  which  certain 
parameters  am  random  quantities  ( fo?*  example,  in  the  form  of 
trigonometric  theories  with  random  amplitudes  and  phases).  It  is 
standard  practice  to  call  x(t)  a  random  (stochastic )  process  if 
argument  t  changes  constantly.  If  t  takes  an  even  set  of  values, 
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then  x(t)  in  called  a  random  sequence.  In  observing  a  random 
process  experimentally  we  are  deal  trim  with  an  individual  realization 
r  w 1th  a  sample  distribution  function.  A  set  of  these  realizations 
forms,  a  random  function.  A  random  function  is  tfiven  if  for  any 
number  of  arbitrarily  selected  values  t^  ,  ...,  tn  the  n-di  mens! ona 1 
iensity  of  the  probability  of  this  function  p^Cx^,  t^,  .  ..,  xn»  t^) 
Is,  known.  The  greater  the  value  of  n,  the  more  detailed  will  be 
the  assignment  of  the  random  function. 


In  place  of  probability  density  the  characteristic  function, 
which  is  determined  as  the  Fourier  transform  from  probability 
density,  may  be  assigned,  i.e., 


®n(Mi*  f . Mn-  In)  —  J  |  Pn(A,.  ••••  A„,  ^n)X 

-m-m 

*  "a*J  .  . 

Xe  "  "  dx, . dxn. 


(1.1  ) 


V.'Tiel;/  tsed  in  the  theory  of  random,  functions  are  the  charac¬ 
teristics  of  probability  distribution,  which  are  called  the 
ii  st  ril  uti  cn  moments.  A  particularly  important  role  is  played  by 
f : . *  first  and  second  moments,  which  determine  the  avera value 
and  correlation  function,  respectively,  i.e., 


*(/)=  J  x(l)p(x.t)dx. 

K  (i t .  =•-  |.v (0  -  AlOl  |.v (/-■»)-  X(t  -^)1  =» 

00  00 

(  J  (a,  -  x()U,_,-jr,_,)p(A«,  xt_x)dxtdx,_%. 


(1.?) 


w !  /  m  p(x,  t);  pCx^,  xt  )  are‘  the  one-dimensional  and  two- 
limens, ional  probability  densities.  The  line  above  indicates 
averarlnr  over  a  set  of  occurrences. 


The  correlation  function  between  the  values  of  a  sinrle  random 
process  which  are  separated  from  each  other  by  time  t  is  called 
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'the 


*' 1 1 n i’ 1  I  ■  :i . 

1  I  no  I  for  the  vi]  it- of 

Call'  1  t.  !.•  ‘  T"  S  S  —  (!<  TU’el  it  Ion 

’■•■In*  I  r  r.sh  L; 


c  iT'’!  at  I  on  function,  which  oon 
*  wo  random  processes  x(t)  an!  y(t) 
function  and  in  determined  by  the 


j  J  (v,  x,)(y,  jj,)X 

— OO  -  « 

xp(-<  .•  y-.‘  tiidXf  dy*  fi.O 

oo  <*£ 

M  $  ((.</,  - y, 

oo  oo 

Xpvjt,  tjdy,dxv 

rvl  at  i  v-n  :  r,  i  :  -  •  r .  *  :.«•  value. •  of  the  two  random 

tv.'  •  i  f  f. .  r..  •  .;■»•:  1 1  ■  In  *irv-  is  descriied  in  t’no 

:  ■■  1  ’  rr*-la*  I  *.  ’'dr!/: 


A 


A. 


I  Kya  A  yy 


in*  orral s  In  rel  at !  cnsd.ir  s  (1.1 )-(!.?) 


•■  h.ara'’4 
:  *  I  It 


;.*  ■  *  andar  :1  r.e  >  correlation  function'' 

1  !  ■  f  random  p s*  .  I*  can  l.e 


A,  (/,.  t,\  -  = 

KA  (/,.  I.)  A 


l  . -O 


. !  •  ■  rr--1  a*  I  e  ♦  -  f * f !  4  •:  ••.*  rut  !•  pond  or;  r : . e  intend  ty 

:'*■■•  s  *  ran  i  j  r  ’■  s  .•••;*  ar.  :  -an  act  . !  re  value.'  which  1  lo 

I;  a  ran.*'  •  f  fr  rr.  +1  *  -1.  fir  ■  •  coalite  of  the  c  orrol  a  1 1  on 

c  •  ff  lei  e  ni  *■  or.’  Iniicat.'V  trr  p  senee  f  a  functional  dependence 
;  f'  t  v;  •  ■  <  •  n  the  .'tuli'i  tr  cess-  .• .  7h-  ouual !  ty  of  the  correlatic 

c  *.<-f  fi  c !  ent  to  sore  Indicate.-  that  the  correlation  relations!  ip  Is 
•at  .■••n*  .  F  r  random  nr’  cess-'-.  with  a  raussian  distribution  this 
d'-ncte.;  statistical  Independence.  in  the  general  case,  in 


-  I  -  •  i  -  7  It.-/  •; 


non-sauss i an  distributions,  the  equality  of  the  correlation 
o  efficient  to  zero  does  not  indicate  the  absence'of  a  statistical 
connection  between  random  processes. 


ft  at  ionary  processes  represent  an  important  class  of  random 
pr  cesses.  A  random  process  is  stationary  if  its  probability 
:  ns'.ty  t^,  ....  x  ,  t  )  of  the  arlitrary  order  n  does  not 

Iop^nd  on  the  selection  of  a  reference  point  for  moments  in  time, 


Pn  ii  •••  >  •*f«i  in)  —  Pi\{^i>  "H  * . "f”  *)•  (1.5) 


moment  of  a  stationary  random  process  depends  only  on 
■si  ~  t  -  t  ,  w.'ille  die-  averare  value  is  a  constant 

*r  >  ,,  ,  J 


/ 


in  S'  Ivins’  many  technical  prob  lems  the  mere  knowledre  of  the 
aver.are  vain*  arid  the  correlation  function  is  sufficient.  The 
t:.>.  ry  which  considers  the  properties  of  the  random  processes 
w.nich  are  :•**•  rmined  l  y  the  moments  of  the  first,  and  second  orders  , 
!  v  t  v:e-  si  mens  i  nal  dis.tr!  I  at  ion ,  is  called  the  correlation 
theory.  '.'.'itiiir.  th2  lir.!*s  of  the  correlation  theory  random 
i  r  cesses  are  c  -ns  i  der^d  stationary  (in  the  bread  sense)  if  their 
a V-- rare  valu-  is  cons. tan-  ,  v: 'nil r-  the  correlation  function  depends 
c  r.ly  on  the  d !  f  ferer.ce  in  moments,  of  time  t  and  acquires  a  final 
val  ue  v.’i  "n  t  -* 


Random  [  rcccs:^;  which  are  strictly  stationary  [relationship 
(1.5)"  will  he  sta*  ienary  in  the  broad  sense.  Reverse  ccnf  i  rtnat  i  on 
is  not  valid. 

Express  ions  for  autocorrelation  and  cross-correlation  functions 
of  stationary  random  processes  with  a  zero  average  value  have  the 
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!  i'  n-  r  v.vrn-  vain-  '  f  4  t  !r.<*  ind-rvil  In  wh’d  1*  ».*•• 

r :  "la*  !  •  -n  ivpen  ionco  1  •-•‘.w-m.-h  tr,"  random  process  vnl  u--s  ccur. 

Vi',  i  r  r  C'-. huv  a  stu4  lonary  relationship  if  their 
l’  t  :!:■.•  nr  i  o.nal  c  •  rr,i  1  nod  rrob  or.  3 1 1  ty  lens 3  ty  does  not  depend  on 
.•••]'  >*  ’  .  f  reference  point  for  the  moment  r.  In  time, 

tn  !  n  ‘  f.*'  llrdts  .f  tin  correlation  theory  (stationnri  ty  in  the 
i  .•  :  .•-'•1  raj  nr  r  r  c-».*s«-v  have  a  si  at  1  nary  relationship  if 
•■:r  ej*;  .-.--eo  rr—lnt!  on  far  'tier,  doe.-  not  depend  on  the  .•'•loot  i  on 
t:a-  t 1  m<  re  f*~  i^-nce  f  o  !  nf  . 


.’tat  i  nary  random  pr-ce  :.:e.4  v/h  leh  at1  encountered  in  practice 
■  .'•  always  i.avt  an  -  r.vdi  c  property .  For  errodi  c  random 

re.-,  tin  wtui  !  r  ary  t  ro!  a!  313‘y  f  state  (i.e.,  protal  i  1 1  ty 
v-.-.ti.v'  tc  a  f  occurrences )  in  equal  at  the  limit  to  the 

1  at  I  •/.•  t  i mo  f  remaininr  In  a  riven  state. 


Trie  filial  II!  ty  charaderist  i  er  for  errodic  random  processes 
talr.ed  by  averarinr  a  ret  of  occurrences  are  equal  with  a 
■  futility  at  any  distance  from  one  to  corresponding-  probability 
araeterirtlc  obtained  from  one  occurrence  of  the  random  process 


1  /  avcraj-;! nj-  for  a  sufficiently  lar^c  time  Interval.  Thus,  tin;*3 
ivera.*'  i  random  process  values  found  from  Individual  occurrences 


f  Inis  proce.a  , 


-+  r 


x(t)dt 


re.  •  nt  random  luantitios ,  hut  wnen  T  *•  all  within  the  limits 
n  i  '  ward  the?  same  quantity  -  the  statistical  average  ( 1  ,e .  , 

*  •  average  f  r  the  set  cf  occurrences).  '.I  Is  means  that  In 

nl n«*  4  he  av-rare  values,  It  Is  no4-  necessary  to  consider  the 
many  c curivnces  f  the  random  process;  It  Is  ufficlent  to  study 
-ecu r re exlsMnr  f  r  a  prolonged  *•  1  me  .  The  conditions 
s.:-r  w. !  *,h  the  1  res!  sated  proport  y  will  occur  a  re  called  the 


rr-  latl  fui 


-  -r  ale  random  r .races ses  the 
can  he  found  on  the  :a>is  of  one  event 


•  I * 

R{x)  lim*  f  xU)xV-t)dt, 


n.r) 


pi'll  =  KCt)  wl  *  h  a  prcl  ah  1 1 1  t.v  of  one.  fir’larly  the  cross- 
w-la*  I  n  fur.ctl  n  can  i  e  determined  on  the  h  as  I c  f  a  sinrle 
•r.t  f  the  stationary  random  processes 


Til 

R* y(t)  — lim  f  -) 

f.»  *  j 


n  .°o 


If,  7‘*r ,  these  processes  toretner  f  rn  an  ermodlc  process, 

n,  with  a  :  rol  al  1 1 1  ty  eaual  to  one, 

R*y( l)  ”K*»(t). 


T/c  errndlc  property  is  extremely  important  in  practice. 
Kxperirn'-ntal  ietermination  of  the  characteristics  of  random 


I 


pro Is  font* rally  done  on  the  basin  of  a  single  occurrence  of 
t  In*  process.  The  obtained  character! ctl cs  are  regarded  as 
statistical  characteristics.  In  mathematical  analysis  of  random 
ii'  cesses  we  use  statistical  averaging  (for  a  set  of  o  ‘urrencen). 
although  the  phenomena  occur  In  time  and  represent  separate 
occurrences  of  the  studied  process .  In  all  such  cases  the  ergod: e 
property  is  presumed  to  be  valid. 

Correlation  methods  are  also  significant  in  that  the 
’  rrolati  n  function  is  related  by  the  integral  Fourier  transfers 
*  ‘m-*  sjectral  characteristics  of  the  random  process  [?^t  37,  Jjl  ]. 

r  a  s  *  a4  1  on  ary  random  process  this,  relationship  is  determined 
:  y  *  i  ••  W  lenor-Khi  nch  1  n  theorem: 


/?(-)-  f  S (/> c‘: 


R  (*)  4~, 


(1.10) 


v; y(fl  is  •  tit--  spectral  density  of  the  random  process . 

F  r  n  nstatlonary  processes  which  have  finite  power,  i.e., 

T 

lim  I-  f  a :!  (/)<// <oo 
/•-.»  '  J 
0 

'the  •nervy  of  the  signal  may  be  Infinitely  great ) ,  relationships 
(1.10)  are  valid  for  the  time  averaged  value  of  the  correlation 
function  determined  ly  the  formula  fpn] 


J  A S(0  <//<«>. 


the  relationships  of  (1.10)  are  valid  for  the  function  R(t),  which 
Is  det.errni ned  from  formula 


K(i.  t)d(. 


‘  i:l;'  ease  f(f)  represents  the  spectral  density  of  signal  unorry. 

The  relationships  of  (1.10)  are  also  valid  in  ctudylnr  1 1  j  *  ■ 

:  r  s  -c  rrelation  function.  However,  in  this  case  R  (tW  R  (-t) 

’  xy  xy 

wi.ile  the  enerry  spectrum  Z  ( f )  becomes  a  complex  function. 

rrelat I  iej -u, deuces  [lay  an  Important  role  in  annl.vzinr 
*:.e  ;  >■  ;•  !<•,■  a.'ri  c !.  a  ra  ct  e  ri  s  t  i  c  s  of  rerular  pro  cesser  as  well  as 


In  w.nlch  the  r  i  rare  tore.  f  motion  are  m<  asured 
is  r-fl-'-ct-M  from  the  t arret  is  di  st inrul shed  from 


•  si  aril  I  j 

'  •  t  be!  slrnal  n  t  only  by  its  time  shift,  but  t  y  its  frequency 
nlf*  ,  wblci.  is  acquired  by  the  Doppler  effect.  7h*  properties 
f  slrnal  In  this  case  ar«  describe!  ly  the  reneralizei 

'ur-'l  at  1  on  function  (the  function  of  uncertainty) ,  determine!  iy 


1  at .or.. -hi: 


1: 


R  (t.  /)  =  j"  x  (i)  *•  (s  -  t)  e*,',\fr.  (3.11) 

vr.er  x  ( 1  )  Is  the  e  mplex  modulating  function  which  considers  the 
u.m:  1 1  *•  udv  an  i  frequency  modulations  of  the  probinp  slrnal;  x*(t)  - 
t:.e  <-•'  r:.[  lex-c  rijurate  function;  t  -  the  lifference  between  the 
actual  and  expected  signal  delay;  f  -  the  difference  between  i 
actual  and  •-xpected  floppier  frequency  shift.  The  generalise! 
correlation  {’unction  can  t  e  standardised,  i.e., 

p(x,  f)  =  R(t,  f)/R(0,  0).  In  detection  problems  the  modulus  of 
fu.net!  ns  |R(t,  f)|  re  |p(t,  f)  Is  examined.  In  the  rectanrular 
coordinate  system  of  p,  t,  f  the  uncertainty  function  is  expressed 


In  the  form  of  the  surface.  A  body  bounded  by  this  surface  and 
the  coordinate  plane  p  *  0  Is  called  a  body  of  uncertainty.  The 
si  ape  of  the  body  of  uncertainty  Is  solely  dependent  on  the  shape 

f  the  si rnal.  The  best  signal  for  measuring  the  parameters  of 
motion  of  che  target  would  be  a  signal  whose  body  of  uncertainty 
hud  one  narrow  peak  at  the  origin  of  the  coordinate  and  the  lea.: 
side  lobe  level  at  other  values  of  t  and  f.  Systems  which  trans  it 
Information  under  multi-team  conditions  have  similar  signal 

luii't-ments .  Analysing  the  uncertainty  (or  its  square)  makes  it 
;  o.-it  le  tr  determine  the  range  and  rate  revolutions  of  a  given 
signal,  ••st.  i  mate  measurement  accuracy  ,  etc. 

I’ .he  change  in  t  lie  emitted  signal  may  be  caused  not  or. 

•  le  t  i  1  •  r  effect  but  rise  by  a  change  (frequently  stati. 

! •  t:  pr. :  erties  f  the  medium  In  whicli  the  electromagnetic  v:av  s 
ar-'  pr  t  agated.  .'ucii  changes  occur,  for  example,  in  a  case  where 

*  he  antenna  is  surrounded  by  a  plasma  whose  temperature  and 
turbulence  are  different  over'  the  aperture.  Attempts  have  been 
s.a  ie  C 7 r "]  to  use  correlation  relationships  for  analyzing  the 

r — iti  nal  peculiarities  of  radio  units  taking  into  account  the 
;  r  perties  of  the  spac--  in  which  the  electromagnetic  waves  are 
propagated.  For  this  reason  the  "transcorrelation  function"  was 
introduced,  which  is  the  time  and  space  averaged  correlation 
function  of  the  electromagnetic  fields.  The  space  in  which  the 
ra  il  waves  are  propagated  is  treated  as  a  system  which  has  a 
transmission  function  and  whicli  connects  an  undlstorted  wave  front 
at  the  inlet  (transmitter)  to  a  distorted  wave  front  at  the  outlet 
'receiver!.  The  correlation  properties  of  the  electromagnetic 
folds  art  related  to  the  possibility  of  transmitting  information 
by  means  of  these  fields.  Thus,  the  additions  of  the  maximum 
t ranscorrelation  functions  describe  a  system  with  a  configuration 
in  which  information  transmission  conditions  will  be  optimal 
(for  example,  optimal  distribution  of  the  field  in  the  aperture 
of  an  antenna  working  in  an  ionized  medium). 


Verrelat  I  on  analysis  in  used  to  study  the  properties  of  a 
urn  !n  which  mechanical  vibration.;  are  propagated  ['18].  For 
;fle,  the  studied  apace  of  an  ocean  may  be  regarded  aa  a 
ain  ay  stem  in  which  an  acoustical  signal  i."  transmitted  hr  thr¬ 
ift  "  and  the  response  is  measured  at  the  "output"  (i.e.f  at 
her  i  !nt  In  the  ocean).  The  correlation  connection  between 
"  it.put"  ana  "input"  effects  can  he  found.  The  positions  of 
"infut. "  ani  "  utput"  in  the  medium  are  diverse  and  the 
1  u :  v:v  -  lit  results  for'  U  fferent  cases  can  he  di  f  ferent .  Analysis 
■  rrel  u‘  i  (  iependoncer  for  iiijut  an  i  output  signals  riven  a 
*  e  isimi  er  f  different  spatial  measurements  cm.  he  the  material 


s  1  u  :y  ana 


a  late  f..<. 


raration  conditions 


a  r,(  alum  and 


prr  parties  of  the  medium 


rr-lat !  on  r-la*  ion  snips  uv  very  Important  if  we  ar<- 
in,-  sys ii.  which  in  forma*  ion  is  transmitted  [A ,  1^1. 

I  male  v:h  :  carry  ii  fferent  Information  can  he  remanded  as 


rs  H i  1  i  erh  space.  Vector  c.narav  orlsti  cs  include  the  norm 

f  •v'l  r  and  distance  i  etweer.  vec*  rs .  For  a  sirnal 

s t  s  a.  a  ti::>  interval  of  0  <  t  <  T  tic?  m  rs;  Is  equal  to 

par-  r  ot  of  •  nervy.  Trie  square  c. f  the  distance  between 

ect  rs  when  sirnal  energies  ar*1  the  same  is  expressed  as 
orcss-c^rrvlat  ion  coe f  f i  cl «  n.t 


<-.2£(l  p„). 


n.i:) 


•  is  sirnal  e  nervy ;  p.  ,  is  the  cross-correlation  coefficient 

f- .) 

t \e  ; i rnals . 

Analysis  shows  [A,  13,  8l]  that  the  rreater  the  signal  energy 
i  iistance  between  the  vectors,  the  smaller  the  probability  of 
ror  in  receiving  the  communication.  In  the  case  of  limited 
mal  energy,  the  greater  the  factor  1  -  p^,,  the  greater  will  be 
f-  distance  I  etween  vectors.  For  two  signals  the  best  will  be 


t  hose  In  whJ  ch  pj  |  =  -]  . 
slm.uals  the  bent  value  of 


p ^  (  In  clone  to  zero 


Thun,  ly  means  of  analyzing  the  cross-correlation  .oefficient 
nan  let  ermine  how  clone  the  studied  signals  or  correlation 
i  n  are  to  the  optimal. 


The  examples  riven  above  are  Tar  from  comprehensive  In 
:■  rard  * t  the  application  of  the  correlation  function  in  radio- 
electronics.  Correlation  analysis  plays  a  very  significant  rr  1  e 
In  systems  with  varlal  le  parameters,  in  the  theory  of  object 
1! scrim  I  nation ,  in  solving  many  au'omatic  regulation  and  control 
:  1  •'ip;s  [Y  ■  ,  ,  ?7]  ,  •  tc. 


UJ.’Pr' 


periodic  If  we  can  find  for1  it  a  certain 
eon.  lition  f(t)  -  f(t  +  TQ )  Is  fulfilled 
t.  The  least  value  cf  Tr)  is,  called  a 

? r  a*-.  s.--s  which  ar-  de  alt  with  In  -a  iioeloctroni  os  exist  in 
a  finite  time  segment.  In  a  number  of  cases  during  the  time  that 
the  vit  ration  r-xlsts  the  number  of  repetitions  can  be  meat  and 
the  cornel at  ion  properties  of  the  studied  process  can  be  close  to 
the  ;  report  I er-,  f  the  corresponding  periodic  process.  Tn  cases 
where  the  num:  er  of  repetitions  is  small,  the  correlation 
prop-mt  i*-s  of  the  process  change  substantially. 

The  correlation  function  of  a  periodic  process  is  determined 
by  formula  (1.8),  where  ( t )  Is  the  periodic  time  function.  For 
a  harmonic  vibration  with  a  constant  amplitude  A,  frequency  to ,  and 
arbitrary  initial  phase 

#(*)  =  7-cos"t-  (1.13) 
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A  V  *u  ;t  !  oi.  is  cal  led 
riant  I  ty  '  fo r  wbl  c.v  the 
f  r  any  value  of  argument 
ret!  ;. 


ttiattia 


A  complex  p**rl  lie  vibration  nn  be  represented  In  the  form 
•’  tbf  i-Vur !  * -i*  tbei  ry .  In  thin  c  a  />  e  the  expression  for*  the 
rr*  la!  ton  function  will  have  the  form  f 


Rrt  --- 


n  i 


cos  //«>:, 


( 1  .  H  ) 


a  .  are!  a  are  tin-  anplit  i  i « • 
’  n 


of  the  harmonic  component. 


'*■’ !  n  the 
\n  '  •  oft 
‘  a  •  :  t 


4~* 


ttained  r"  1  at  I  c  n.:!i  1  ps  It  follow/  that  the  correlation 
periodic  proce//  1/  periodic  with  trie  name  period 
functi  a  ,  an  i  uo<  /  net  corPaln  information  on  the 
U  i  i  e  i  :  r.  c*  //  . 


or  //-'•  !  i  .a  fa.nc*  to:,  tf  tvr  periodic  p  roresse? 

i  :  y  f  rma’a  1.  0  ai.  i  •  ntain/  or .  1  components  of  t  ho/* 

■  :u**ncie/  v;h  !  a.  ar-  j  :*>•/*•::•  in  both  processes.  The  cr<~/>s- 
rr*-lat  !  n  fu nc”!  i.  •onta’n:'  ! nf<  rma1- 1  on  on  the  phase  of  the 
~n--n‘  •  f  •■•••  /am*-  fr*  qu*  ney  In  the  studied  processes . 


at  ire 


un 


n  1  -* 


can 


.:I»a. al  arain/t  a  1  aci-o-r  an  '  of 


■  y  3  r/ 


m 


v:  h  1  e h  re r  o at w 3  thin  a  1  !  m J  t e >1 


1  rn 


n*  •  rval  a  vo]  ta,*<-  w  I  th  a  complex  /nape ,  ‘'■~v  example,  a  pulse 
:  i-  !,*•*  a'  a/ /.am.*-  t.hat  tne  |  ul.av  ar*j  separated  1  y  equal 

in’  -rval/,  ft  mine  an  rv-m  /eqa  i/v  .  The  1  enrth  of  the  pulse. 
’.*•//  than  naif  f  *he  Interval  between  them. 


si ,*u ]•>*■'  1.1  show/  t.h*~  correlation  function  of  an  even  pul/e 
■  ; u*  r,o*  .  The  rre-at --/.t  peak  correspond/  to  a  zero  delay  tine, 
hen  the  delay  changes,  the  peak  amplitude  decreases  accordlnr  to 
he  law  1  -  |m|/.’i,  where  m  is  the  inteper  of  pulse  repetition 
nt*  rvals  contained  in  delay  t;  U  is  the  number  of  pulses  in  the 
•■•qu*'*nce;  m  <  II. 
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F ! r .  1.1,  Correlation  function 
Of  UnlfoiVI,  f  UloO  SOqU'UiCe  . 


The  decreased  amplituC< 
of  the  spikes'  Is  explained  hy 
the  fact  that  when  the  delay 
is  changed  for  the  repetition 
interval  the  number  of  pulse  ■ 
part  ici  pati  nr  in  the  forma  ; 
of  the  correlation  intepra 
in  each  sequence  is  decreasec 


Tin  correlation  function  af  a  r.ipnal  consisting  of  one  pulse 
has-  only  one  maximum  at  t  =  0,  and  reverts  to  z«ro  when  |t|  >  t 
(wre'fe  t  .  Is  the  lenpth  of  the  pulse). 


Tic'  repetition  of  pul  s-s  in  time  is  the  reason  for  the 
a:  p-'arance  of  repetition  wl  ♦  h  respect  to  t  in  the  correlation 
fsnet  *  n. 


Th > *  uncertainty  function  of  a  uniform  sequence  of  pulses  when 
f  =  0  coincides  with  the  correlation  function  (Fig.  1.1).  Tn 
.'action  t  =  0  the  uncertainty  function  has  the  greatest  side  spikes 
at  joints  f  =  q/T  )  ( FI  p .  1.2),  where  q  =  0,  1,  2,  ...;  Tq  Is  the 
if  -  rval  i  etwe-r.  \  ul  res  In  a  uniform  sequence. 


Fir.  1.2.  .Vction  of  uncertainty 
function  In  uniform  pulse 
sequence  (r  =  0). 


The  appearance  of 
several  spikes  for  the 
uncertainty  function  in  a 
uniform  pulse  sequence 
indicates  uncertainty  in 
determining:;  distance  to 
the  tarpet  and  speed  (if 
additional  limitations  are 
not  used,  for  example, 


t  <  Tn  ;  f 
max  0  max 


“(!) 


n  n  n  n  , 

•  u 


I 


*# 

Aw/ 


/“VSAAAA  A 


Vi  r  » 

Fig.  1.3.  Correlation  function 
of  pul no  sequence  with  linearly 
ascend! np  Interval. 


The  side  lobes  of  the 
uncertainty  function  can  be 
greatly  reduced  If  the  repeti¬ 
tion  of  pulses  in  a  sequence 
at  equal  time  intervals  Is 
eliminated.  Tf  the  interval 
l etween  pulses  in  the  sequence 
Is  increased  linearly,  then 
conditions  can  be  created  under 
which  all  impulses  of  main  and 
delay  sequences  [formula  (1.8)] 


When  t  >  t^  they  will 


will  coincide  only  In  a  zero  time  shift, 
coincide  only  in  one  pulse  of  the  main  and  delay  sequences. 

Figure  1.8  shows  the  typical  appearance  of  the  correlation  function 
cf  pulse  sequence  with  a  linearly  ascending  repetition  interval. 

In  this  case  the  level  of  side  loh.es  has  been  decreased  N  times 
compared  to  the  main  maximum. 


There  are  other  methods  of  decreasing  the  level  of  side  lobes 
in  the  uncertainty  function.  These  are  based  on  removing  the 
p  riodicity  of  the  pulses  in  the  sequence,  and  can  be  achieved, 
f  v  example,  in  the  Sherman  sequence  [37]. 

i.3.  rai;dot:  aiid  pseudorandom 

PROCESSES 


1.  Random  Processes 

In  many  processes  which  are  dealt  with  in  radioelectronics 
the  probability  density  has  a  gauss ian  distribution  law.  Such 
processes  include,  for  example,  thermal  noise,  fluctuation,  and 
useful  signals  in  a  number  of  cases  [77].  The  prevalence  of 
gaussian  random  processes  can  be  explained  by  the  central  limiting 
theorem  of  the  probability  theory,  according  to  which  the  sum  of 
a  great  number  of  random  processes  having  arbitrary  distributions 
has  a  normal  probability  density  distribution  at  the  limit 
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I 


(additional  conditions  requiring  that  each  of  the  terms  making  up 
the  sum  have  a  small,  uniform  effect  are  not  rigid). 

I 

A  mult  id  imensional  normal  distribution  function  depends  only 
on  the  average  value  and  the  values  of  the  correlation  coefficients. 
This  moans  that  the  correlation  function  and  the  average  densit; 
value  determine  the  normal  random  process.  For  a  nonstationary 
random  process  the  average  value  and  the  correlation  function 
depend  on  tine. 

In  order  for  <  stationary  gaussian  process  to  have  the 
ergodic  property  it  is  sufficient  that  its  energy  spectrum  be 
continuous,  i.e.,  that  the  following  integrals  converge  [2*0: 

f  |*(t)|*<,W;  f  \S(t)\df<P.  (1 .15) 

-m  — «o 

where  V  and  P  are  finite  constant  values. 

From  the  spectral  density  shape  wide-band  and  narrow-band 
random  processes  can  be  distinguished.  For  the  studied  narrow-band 
random  processes  the  frequency  land  which  is  occupied  by  spectral 
density  is  much  smaller  than  the  average  frequency.  A  narrow- 
band  process  can  be  conveniently  described  by  a  random  function 
in  the  form  of 

x(f)~£(0cos[W-v<0l  (1.3  6) 

where  E(t),  $(t)  represent  the  envelope  and  phase  of  the  random 
process . 

This  representation  is  based  on  the  possibility  of  determining 
random  process  x(t)  by  means  of  the  conjugate  n(t)  process,  which 
is  related  to  the  original  Hilbert  transform: 


l1 


T,  (0  —  “  lim 

*  r-»  J  *  —  t 


In  v ho  case  of  £<0-r.v’(/)  +  VTa 


4»  (/)-»,/  ?(/)  arctg*‘j'j-. 

?w  “  U^nsional  y>vo\  abi ]  1  ty  density  of  the  envelope  and  random 
fha.'e  >1  the  pause lan  process  Is  determined  by  the  formula 


F.F.. 


plE.  E  .9  9 )  —  ’  y 

M  i-r.Y,}  4r.w*  (I  -  ft' * 


Xt‘M’{  _'a* (i  '.  ft  l£J  +  £*  2?E£tcts{?t  -  9)|J,  f  1 . 17) 


■noVr  °  lno  rieun  square  value  cf  the  random  process. 


mi, 


.o  aitoc'-rro  iif  lor,  function  of  the  narrow-band  random 
imrv'.-r  1  r  determined  by  the  relationship 


^(r)  "Ol/,c(T)cosa»oT  +  i',(T)sin«ijoT]  = 
=  /-(t)cos|w»t+C(t)I. 

factors  r  h)  and  r„(i)  have  the  form  of 


(1.1R) 


r‘(n!=^-f  dm. 

r ,  (?)  I  2r  J  ’  sdn  ml 


r'  (*)  r\ (?)  +  r|  (t).  ?  (?)  -  arctg  £ 


r»l!l 
W 


.jlnce  the  spectral  density  of  the  random  process  Is  concen¬ 
trated  In  a  narrow  frequency  band  near  oj0  ,  function  S(u -  u)  is 
ma/Imal  In  the  low  frequency  ranpe.  If  the  spectral  density  can  be 


In 


■maUiiutuiiih 


'em:- 1  dored  symmetrica]  in  relation  to  frequency  ui^,  then  r  (t)  ~  0 

(since  we  have  the  product,  of  the  even  times  the  iineven  function 

under  the  Integra]  slpn)  and,  consequently,  r(r)  -  r  f r ) ;  £(t)  =  0. 

2 

' he  <  x  pres  si  on  foi*  t.he  correlation  function  in  this  care  will  be 

/?(t)-oV(t)cosu#t.  (1.10) 


Fir.  1.  •  .  f-'ctlon  of  uncertainty 
funct. !  on  In  noise  signals. 


The  correlation  function 
of  a  random  process  has  only 
one  maximum  when  r  =  0  and 
is  close  to  zero  when 
! T |  >  T^.  The  body  of 
uncertainty  of  a  sipnal  lias 
one  hir;h  correlation  ranre 
when  t  =  f  =  0  apainst  a  I  a  n;- 
rround  of  a  field  of  low 
intensity  spikes  (Fir.  1 .  *0  • 


Pseu  iorandom  Processes 


Th--  s.harp  maximum  and  low  level  of  side  lob.es  in  the  tody 
f  inc*-rta!:.tv  are  r  ssess.ed  not  only  by  sound  slrnalr,  bur  also 
by  sirnals  formed  1  y  amplitude  manipulation  and  by  frequency  or 
share  modulation  of  a  carrier  within  a  pulse  according  to  a  certain 
law.  In  systems  with  fr-  qir-ncy  modulation  the  linear  law  of 
fr-  tu-uicy  tlianre  I  .•  widely  used.  Tiie  section  of  the  1  od.v  of 
up.  'ort  a!  at, v  f  a  sirrial  with  linear  frequency  modulation  formed 
!y  a  hor  1 >nhal  plane  las,  an  elliptical  shape,  and  its  axes  are 
*  urtf-d  at  a  certain  anrle  relative  to  the  Y-axes.  ripnals.  with 
1  iie  ar  frequency  m<  iulat  Ion  do  not  have  properties  which  are 
.  lar  to  tt.ose  of  rat:  lorn  processes. 

To  aciiieve  amplitude-  or  phase-mani pul ated  signals  the 
discrete  law  of  chant".'  In  the  appropriate  parameter  is  widely  used. 
In  tills  cast  a  signal  of  lenrth  T  would  consist  of  N  identical 
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positions  -  symbols,  on  each  of  which  a  harmonic  oscillation  with 
an  amplitude  of  and  phase  ^  is  j'ormed.  Sets  of  values  A^  , 

Af  ,  ,  .  ..,  4>  form  codes,  which  are  selected  such  that  they 

assure  the  necessary  uncertainty  function  (and,  above  all,  a  low 
side  lobe  level).  The  difficulties  of  achieving  signals  with 
h  great  diversity  of  A,  and  <J>j  have  led  to  the  widespread  use  of 
si, -mis  with  stepped  phase  changes  for  identical  amplitudes  or 
svepped  amplitude  changes  when  there  is  no  change  in  phase.  In 
'St  cases  the  phase  change  is  by  quantity  tt  . 

I.hase-  or  amplitude-manipulated  signals  can  conveniently  be 
written  as  a  sequence  of  symbols  by  making  +1  correspond  to  an 
sciliation  with  an  amplitude  of  one  and  a  zero  phase  and  making 
-1  zer  )  correspond  to  an  oscillation  with  an  amplitude  of 
m  ana  pi  ase  r .  The  correlation  properties  of  the  signal  are 
iobernined  i  y  the  type  of  binary  sequence  controlling  the  phase 
(  r  amplitude)  cnange.  In  the  following  discussion  attention  will 
focused  on  phase-man  i  pul  ated  signals. 

A  low  level  rf  s 1  ie  lobes  in  the  uncertainty  function  can 
i  ••  provid-  i  !  y  the  barker  codes  (not  more  than  1/N ,  where  N  is  the 
r.i-.'t  -t*  of  •  ie  symbols).  Marker  sequences  ar-*  known  for  N  <  1?, 
which  limit,  their  ..a*.  Currently  there  are  codes  of  greater 
iu  rat  lor.  which  have  a  side  lobe  level  an  i  the  uncertainty  function 
f  :r  nor*.-  than  1//F7.  For  example,  binary  m-sequences ,  technically 
ratner  simple  *■  o  achieve  through  shift  registers,  are  widely  used. 

The  shi ft  register  is  a  device  consisting  of  cascade-connected 
1  !:.ary  st  rage  elements.  The  number  of  storage  elements  determines 
’  cenf  igurat.  i  on  <  f  the  register.  Under  the  influence  of  the 
-'l  cl-:  ;  ilses,  which  are  supplied  to  the  register  from  a  separate 
sc  1 11  at  r,  the  electrical  state  of  the  binary  cells  shifts 
(moves)  across  the  register  to  (successive)  elements.  The 

sequence  of  voltage  values,  which  is  set  at  the  register  output, 
i<q  ends  on  the  initial  state  of  the  cells.  The  length  of  one 
symbol  of  the  code  being  formed  Is  determined  by  the  repetition 


1H 


period  of 
will  (Mi  pan 
mini  er  o f 


the  clock  pul  cor,.  The  lenpth  of  the  entire  sequence, 
he  descrl  hod  by  the  numbe”  of  symbol  r  ,  ir  equal  to  tr 
cells.  In  tlie  register,  l.e.,  N  =  k. 


a 

Kir.  1.'  .  The  simplest  1  lock 
ilarram  of  a  i  I  nary  sequence 
rone  rat  or  :  1,  ?  -  shift 

r !  eh  or  cells,  which  provide 
:•  lav  f  r  !•:  -  v  and  v  Intervals. ; 

-  lorlc  feedback  element  which 
a  i  is  m  iul  o  ' . 


. a'on  i !  nr  to  a  delay  of  one 
ii  1*  .  c  rro .-.ponds  operator  Dv 
shown  In  fir.  1 .  r> ,  can  be  charaete 


For  a  piven  number  of 
cells  considerably  Irnrer 
sequences  can  be  obtained  .  1 
1  oric  feedback  is,  introdu 
In  the  feedback  element  the 
lopic  function  of  the  state 
of  several  cells  is  calculated 
and  the  result  is  fed  to 
resistor  input.  Units  with 
feedback  can  he  characterized 
by  an  operator  with  delay  ’ 
r cycle]  unit.  A  delay  of  v 
The  work  of  such  a  system, 
rlzed  by  an  operator  such  as 


*  (l.?n) 


r>-  +  .!•.•!!'  tt-s  adlinr  modulo 
:  :.i  u’  an  i  output  sequences.. 


7a!  le  1.1. 
Add; nr  modulo 
two . 


TV  rrns 

Results 

0  1 

1 

1  0 

i 

0  0 

0 

1  1 

0 

7',”  Ida;/  of  "rator.;  can  be  used  to 
'■''n'  al  n  1  nr  several  lopic  feedbacks 


wo  ('fable  1.1);  x  and  z  are  the 

In  an  autonomous  rerime, 
where  from  a  certain  time  the 
sipnal  is  not  obtained  (x  =  0) 
the  operator  has  the  form  of 

0. 

represent  the  work  of  systems 


1  i 


••'or  the  selected  k-blt  of  the  register  feedbacks  can  be 
introduced  In  il  fferent  ways.  Vet  nA  all  feedbacks  will  provide 
the  lonrest:  sequence. 

The  greatest  sequence  length  which  can  be  obtained  is  equal 

t , 

*  -  ].  As  t.he  clock  pulses  continue  the  sequence  will  le 

repeated.  Tequences  lastinr  ?  -  1  are  called  maximal  length 

sequences  or  m-sequences,  and  they  have  properties  similar  to  those 
of  random  1  Inary  processes.  Tht  polynomials  which  determine  the 
f  rrr.ulaticn  of  !  Inary  m-sequences  have  been  found  for  a  number  of 
rues  rt?1,  and  some  of  them  are  riven  in  Table  1.?. 

The  systems  of  the  shapinr 
unit  correspond  to  the  scheme  shown 
1  r.  Fir.  l.r.  The  values  of  k  and  v 
should  correspond  to  th*-*  typo  of 
polynomial  selected  (Tat le  1.2). 

binary  m-sequences  have 
interest inr  properties;  the  main 
nes  are  presented  below. 


it.  t : . •  t  ir.arv  m-soquencc  cymb'  Is  +1  and  0  are  often 
:  ra  •*  Ically  t!  ••  sarn-  .  For  a  sequence  of  any  period  the  number  o'* 
vs.i  Is  of  a  siarlo  sirn  can  di  ffer  from.  *: !'.e  number  of  symbols 
f  '  t:er  s I pn  ty  only  one. 

.  It.  a  simple  realisation  of  the  sequence  half  of  all 
+1  a:.:  have  a  l-'-npth  of  one  syintol,  one  q jarter  have  a 

*  t.  of  two  symt  ols  ,  one  eighth  -  of  three  symbols,  etc. 

I  f  line  sequence  is  compared  to  its  cyclical  time  shift 
for  a  certain  number  of  symbols,  then  the  number  of  corresponding 
symbol."  di  ffers  from  t tie  number  of  noncorrespondin,;  symbols  by 
no  nor'  than  one-.  jn  t ) i o  case  of  a  zero  stiift  all  symbols 
correspond . 


fa :  1  ...  i  »  1  ay  p  ly- 
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*1 .  The  sum  (moduli:  two)  of  two  sequences  which  are  time 
shifted  !  y  any  number  of  [cycle::  ]uni  t.a  (within  tho’limits  of  the 
period)  represent  a  sequence  of  the  same  polynomial  but  with  a 
iifferent  time  displacement.  The  Riven  property  is  the  basis  of 
the  sequence  storage  systems. 

f  .  The  normalised  correlation  function  of  a  binary  m-sequ  • 
is  determined  on  the  basis  of  formula  (1.8)  and  has  the  form  of  a 
1  r  Ken  1 1  no  . 

bet  is.  now  dwell  on  the  correlation  properties  of  the 
sejuences.  Plserete  time  shifts  can  be  easily  studied.  The 
expression  f  r  the  correlation  function  in  this  case  has  the  form 


"-I 

P  (/•  *#) ,v  J]  *  (0  •«(»■  +  /)•  ( 1 .  ?  1 ) 


tin  shl  ft  Increases,  In  time  the  number  of  terms  in  the 
f  ( 1 .  T 1 )  decr-  ases. 


The  c  rr'-la4-!  n  function  has  its  maximal  value  at  sere  time 
s:  if4  (J  =  ).  At  shifts  f  1  <  J  <  1!  -  1  there  are  side  loles, 

vr  os-  maximal  level  f^r  rreat  sequences  (N  >  13)  dees  not  exceed 
l//b.  re r  _<  1*  there  are  m-sequences  for  which  the  side  lole 
lev-1  cf  tne  correlation  function  loes  not  exceed  1/N,  as  for  the 


j-arse!’  code, 


p  (I)  np«  V  <  13. 

1 1/|  TV  iipH  A'>  13. 

[npn  =  when] 


(i.r?) 


Figure  1.6  shows  the  form  of  the  correlation  function  of  a  binary 
n-sequence  for  the  particular  case. 


In  a  number  of  technical 


■  nonce  (  +  1  ,  -1  )  . 


problems  signals  formed  \  y 
periodically  repeated  re¬ 
sequences  are  used  v;ith  an 
averaging  time  equal  to  the 
period.  The  correlation 
function  of  such  a  signal  is 
determined  for  discrete  delays 
1 y  the  relationship 


P(/)“  7T  J}*  (*)*(*  +/)• 


(1.23) 


■  r  r  repertles  of  and  H ,  as  a  result  of  the 

s  imr  >t  !  r.s  In  f-  mu  3  a  (1.21)  ret  the  m- sequence  of  t  he  same 
pel  vnom!  al ,  It  which  the  nun!  or  of  symbols  with  different  signs 
i!  ff-.  r  fr  rr.  .*.•  anoth<  r  !y  one.  Thus 


|t|(V  +  1) 


"PM  h|</.. 


I  npn 

fnn>-  -  when! 


(1 .214) 


rr-'  1  a ’  lor;  fund 
(Fir.  l.v)  an  1 


t:  r  f  tine  perioile  n. -sequence  has  repeated 
a  side  led  e  level  of  1/M. 


'  ?  - 

i  s 

O 


.  1.7.  Co r  re 1  a 1 1 c n  f un c  1 1  on 
i-riodlc  m-sequence. 


The  spectral  ienslty 
of  the  sequence  Is  found  as 
the  V/Iener-Khinchln  transform 
from  the  autocorrelation 
function.  The  spectral 
density  envelope  and  the 
position  of  Its  sero  are 
determined  by  the  shape  and 


length  of  the  symbol. 
U  a  frequt  nc;  of  1/t 


The  first  zero  of  the  envelope  corresponds 
The  spectral  density  of  tha  periodic 


sequence  has  a  discrete  nature.  The  frequency  interval  betweer 
neighboring  spectral  lines  depends  on  the  length  of  the  sequence 
and  is  equal  to  1/Nt^.  In  the  case  of  a  single  sequent  the 
spectrum  becomes  solid,  and  the  shape  of  the  spectral  density 
envelope  is  preserved. 

The  uncertainty  function  of  a  phase-manipulated  signal  has 
on*-’  maximum  at  the  origin  of  the  coordinates,  and  in  the  section 
of  plane  f  =  0  it  repeats  the  correlation  function.  At  different 
nonzer  values  of  t  and  f  the  uncertainty  function  lias  side  lobes 
v:r  ••'•.■'nitude  hardly  exceeds  1//IJ.  The  form  of  the  uncertainty 
f  a  pseudorandom  signal  consisting  of  seven  symbols  is 
rig.  1.3. 


phase-manipulated  signal  (II  =  7). 

M-seauences  are  called  pseudorandom,  which  points  to  their 
similarity  to  random  sequences.  A  random  sequence  is  a  sequence 
for  which  only  the  appearance  of  a  certain  symbol  or  group  of 
symbol.;  car.  i  e  shown.  The  M-sequence  belongs  to  regular  signals, 
which  are  forme  i  on  the  basis  of  coding  rules.  Its  regularity 
lie:  in  the  fact  that  under  known  initial  conditions  its  values 
can  be  calculated  and  predicted  for  a  given  moment  in  time.  If, 
however,  we  compare  \  inary  m-sequences,  for  example,  with  a  random 
sequence,  then  we  notice  a  similarity  between  their  structures. 

The  similarity  appears,  for  example,  in  the  frequency  of  the  diff¬ 
erent  symbol  combinations  (properties  1  and  2)  and  in  the  form  of 
the  autocorrelation  function. 


2  3 


For  fhe  purposes  of  autocorrelation  processing  the  possibility 
of  ielayir.g  pseudorandom  signals  Is  very  important.  In  the  case  of 
an  m-sequence  delay  can  be  achieved  by  some  complication  of  the 
shaping  systems.  A  delayed  binary  sequence  may  be  obtained,  for 
example,  by  tal  ing  voltage  of  various  shift  register  cells.  The 
.nun!  or  of  delayed  sequences  in  this  case  is  determined  by  the 
c  n f 1 rurat 1  on  of  the  register,  and  does  not  include  all  possible 
.  !  -rials  in  time.  T<-  obtain  sequences  corresponding  to  missing 
it  lays  an  additional  device  must  be  introduced  which  forms  logic 
functional  operations  over  sequences  obtained  at  the  various 
register  cell  outputs  [70,  8lj.  The  action  of  this  device  is  based 
m  property  :  the  sum  (modulo  two'  of  two  m-sequences  of  a  given 
:  lynomial  is  also  the  m- sequence  of  the  same  polynomial  [TO,  A6] . 
.'he  iasic  sys‘  em  .  f  oitainins  lelayed  sequences  is  shown  in 

i.e.,  voltages  from  fh>  resistor 
cells)  and  add i nr  modulo  two, 
sequences  can  t  e  obtained 
which  are  time  shifted  by 
different  numbers  of  units 
(within  the  limits  of  the 
period)  in  relation  to  the 
output . 

The  sequences  discussed 
a!  ove  are  far  from  comprehen¬ 
sive  with  respect  to  the 
sr*  at  li  versify  f  !  in  ary  sequences  with  side  lobe  levels  of 
l//h  [871. 

binary  sequences  with  a  large  nun!  or  of  symbols  can  be  obtained 
!  y  c  !  Inins  s.nort  m-sequences  [Id).  The  elements  of  tdie  com!  ined 
so  ru-uuce  ar>  formed  by  logic  operations  performed  on  elements  of 
the  original  sequences.  An  example  might  he  a  combined  sequence 
formed  according  to  the  law  where  x,  y,  and  z  are  binary 

sequences,  of  shorter  duration.  If  tne  periods  making  up  the 

b'l 


Fir.  1.  •.  by  com:  ininr  tine  terms 


sequence:  I  -  register  cells, 
1  -  modulo  two  adding  system, 

-  'lei ay  control  block. 


sequences  do  not  have  a  common  denominate",  then  the  period  of  the 
comt  tned  sequence  is  equal  to  the  product  of  the  periods  of  the 
c  mponents,  i.e.. 


X'^S.NyN,. 

i’he  autocorrelation  function  of  a  combined  sequence  has  sp 
at  all  i<  lay  valuer  which  a~e  divisible  by  the  period  of  any  of  hi  e 
c  mp  non!  sequences.  The  greatest  spiKe  corresponds  to  zero  delay; 
nidltt'ual  s;  Ikes  have  a  smaller  value.  Combined  sequences  are 
use!  it  systems  f r r  measuring  the  distance  to  an  object,  and  make 
i*  |  ssitl-  to  reduce  the  time  of  determining  the  phase  of  a 
fl  'h-l  s  !  ran  1  . 

T-  rtsi'sy  s<  qu'ur'-js  wit!,  levels  of  +1,  0 ,  -1  [fiO]  have  interer- - 
'  1  at  U  n  f  ropert  I  es  .  The  symbol  0  corresponds  to  the 

a!  f  i  si  nations  (amplitude  zero),  +1  and  -1  correspond  to 

■ill  't  !  ns  with  at.  amrlitud<  of  one  ar.d  an  initial  phase  of  zero 
•f.  !  ”  ,  s;  •ct. !  voly  .  A  ternary  m-sequence  can  be  described  by 

!  1  ay  <  x  "fa*  <  r.  a  id  ing  modulo  three.  The  number  of  symbols  in  a 

*•  rt.ary  sein-aice  f  maximal  length  is  determined  by  the  formula 
=  '  -  1.  The  autocorrelation  function  of  a  periodic  ternary 

m-soqu-'-nco  has  a  positive  maximum  at  a  zero  time  shift  and  is 
rv-rative  for  a  shift  of  half  a  period  (Fig.  1.10).  In  other  delays 
f  creator  s.yrnl  ol  duration  the  correlation  function  is  equal  to 
ru  ne.  The  presence  of  a  negative*  loio  in  the  correlation  function 
is  not  doslruile,  particularly  for  signals  which  are  used  in 
dot*. ct ion  systems. 

Fre  m  ternary  m-sequences  Chang  found  sequences  of  nonmaximal 
I'-n,  r.i  [  -  )  ]  whose  periodic  correlation  function  had  only  one 
maximum  when  t  =  t  and  zero  lobes  for  other  delays.  The  length  of 
the  sequence  is  determined  by  the  relationship 

NH=lrN=  |(3*-l). 


•m 


# 


Fir.  1.10.  Correlation  function 
of  ternary  periodic  m-sequence. 

There  are  generators  for  ternary  sequences  of  length  N  whose 
correlation  function  has  zero  side  loi.es  [RO].  Table  1.3  shcv;s 
s  of  th.e  polynomials  which  determine  the  shaping  systems  cf 
s  u  •!.  se  quence  '  . 

The  properties  of  the  ternary 
sequences  of  Chanr  are  similar  to  those 
of  the  l  inary  sequences  studied  above. 

For  example,  the  number  of  +1  and  -1 
symbols  in  the  sequence  differ  very 
little,  particularly  when  the  length 
of  the  sequence  is  increased  (Table  l.A'. 

The  symbols  used  in  Table  l.U 

are  : 

m+^  -  the  number  of  symbols  In  a 
sequence  corresponding  to  +1 ; 

m  ^  -  the  number  of  symbols  corre¬ 
sponding  to  -1. 

A  ternary  sequence  can  be  time  delayed  by  adding  modulo  three 
sequences  of  a  single  polynomial  which,  however,  are  time-shifted. 
For  the  Chanr  sequence  which  consists  of  13  symbols  the  methods  of 
attaining  time  delay  are  letermined  by  operators  such  as  [80] 


Table  1 . h  .  Fre¬ 
quency  of  symbol 
(■so  irrerico . 


Tabl-  1.3.  relay 
p'~lyn  rial  of 
1  e rn a ry  s e quince s . 


ft 

Il  i.lHH  iM 

r  b 

3 

D'CV1D®  2 

13 

5 

/>•  $'.'/>  0  2 

121 

7 

tr-  0  />’  0  2 

1093 

l)'x  -  DxQx;  D'x  =s  D'x($ jc;  ...  D”.c -=  D\*02jc, 


where  *$  denotes  addition  modulo  three. 

The  studied  ternary  sequences  are  interesting  for  a  number'  r 
correlation  electronics  problems,  since  their  correlation  Pun^ 
is  the  closest  to  the  correlation  function  of  a  single  pulse  at 
at  the  same  time,  they  can  be  used  to  assure  the  given  energy 
spectrum  distribution  on  a  large  time  interval,  which  is  essential 
in  detection  and  communications  problems. 

1.4.  CORRELATION  PROPERTIED  OF 
lAUoSI AM  RANDOM  PROCESSES  IN 
NON!  I NEAR  TRANSFORMATIONS 

Nonlinear  transformations  of  random  processes  can  be  s,  pi c 
t  lead  to  a  change  in  the  cross-correlation  function.  The 
air  rithm  f c  r  the  work  of  the  correlator  according  to  formula  (1.9) 
can  be  written  as 


r?i 

Instrument  readings  at  the  system  output  (Fig.  1.11)  depend  on 
*■;  e  'orre  1  at  Pen  of  input  random  processes.  The  greater  the 
c  inc!d*-*rice  probability  frr  the  values  of  processes  shifted 
relative  to  one  another  in  time  x,  the  greater  will  be  the 
r«  a. -i! r;gr..  The  sign  of  the  terms  of  the  sum  is  determined  by  the 
r  clarity  of  the  co-factors.  When  R(t)  -*■  D  the  polarity  of  the 
cc-factors  on  the  average  will  be  identical  for  half  of  the  terms 
and  opposite  for  the  remaining  terms.  The  sums  of  positive  and 
negative  terms  are  equal  on  the  average.  In  the  case'  of  nonzero 
h ( T )  trie  weight  of  terms  with  the  same  or  opposite  co-factor 
polarity  increases.  Corresponding  to  the  maximal  value  of  R(t) 
is  the  maximal  quantity  by  which  the  sum  of  terms  of  one  sign 
exceeds  the  sum  of  another  sign.  For  the  autocorrelation  function 
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.  .  ...  - - - 


I'll  lllUlf 
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when  t  •*  0  the  polarity  of 
co- factors  corresponds  (or 
is  opposite),  and  the  absolute 
value  of  the  terms  are 
maximal . 

In  the  case  of  nonlinear  transformations  the  terms  represent 
the  product  of  functions  of  random  process  values,  i.e., 

For  most  transformations  polarity  agreement  among  the  co- factors 
will  Influence  the  magnitude  of  the  sum  just  as  if  the  transforma¬ 
tion  were  absent,  although  the  absolute  values  of  the  co-factors 
will  change,  thus  leading  to  a  change  in  the  values  of  the  corre¬ 
lation.  function. 

how  let  us  examine  the  effect  of  nonlinear  transformations 
on  the  correlation  function  of  random  processes  with  zero  average 
values.  A  dependence  must  le  established  between  correlation 
functions  before  and  after  the  transformation  [2A,  At ,  50"). 

Let  us  assume  that  extraneous  noise  and  interference  are 
absent;  the  ergodic  property  is  valid. 

V.’e  designate: 

x(t),  y(t)  as  random  processes  of  the  correlator  input; 

K(t)  -  the  correlation  function  between  inlet  processes 
(prior  to  nonlinear  transformations )  ; 

'HO  -  the  correlation  function  of  random  processes  after 
nonlinear  transformation . 


r  l< 


Nonlinear  transformations  in  the  system  (Pig.  1.11)  are 
described  by  function  f^(x),  f0(y). 


The  main  stage  of  the  study  is  proving  the  validity  of  the 
re]  at  ions  hi  p 


-fl"  «*>«*’  <»>• 


(1.25) 


( k ) 

•where  f  1  (x)  is  a  k-th  order  derivative  from  function  ffx). 


Proof  consists  essentially  of  the  following.  Voltages  at  4  tr 
j u t  put  of  (-act;  nonlinear  unit  can  be  represented  by  means  of  the 
,o[  lace  transform  in  the  form  of 


/,  (*) 


i|f  f  <">  c'"' ,/uff  A4_«e'“-(toJ 


(1.26) 


where  ‘.  +  f  are  the  corresponding  integration  circuits;  h^+(u) 
is  ‘he  haplac*3  transform  from  the  system  characteristics,  which 
Is  ••rial  * 


\t  (">  J  I,  (x)e~'"'t/x. 
0 

0 


(1.27) 


If  we  substitute  (1.2r)  In  (1.6)  and  change  the  order  of 
I  nt esrat i on ,  then  the  expression  for  the  correlation  function  can 
t  e  r  [  r<  *  sen  ted  in  the  form  of  the  sum  of  integrals 


♦m  (i,)  x 


./«,  J  («»>  *  «,)  </«,. 

1  Ci± 


(1.28) 


J 


where  0(u.j,  u„,)  i  r  ti  1  character!  r,t  I  o  function  of  the  second  order. 

All  possible  comb  Inat  lour,  of  +  sipns  are  added.  The  1  *  *  ft;  part 
of  formula  (1.2b)  when  k  =  1,  according  to  (1.28)  equals 


»'A  (t) 


(.-.!» )  J]  j  |  '*i («.> 


o'Hu,.  u,) 
oh 


flu 1 


Cl*  fj* 


(1.29) 


how  1  * ‘ t  ur,  find  t  he  rlrht  part  of  (1.25)  t  y  uslnr  (1.26).  We 

/!"  fj"  f  du'  {  V  <«.>  *?.  K)  * 

±  ci*  .  ct t 

<1(o,.  u,)u,u,,tu,.  (1.20) 

Ann  1  ;.v !  .•  v.v  that  *ht  equality  of  (1.2f))  and  (1.20)  taker 
rla  ••  a1-:  I’rury  rn.nMtier  h^  ,  h0  ,  i.e.,  under  arbitrary 

funet  !  nr  of  f,  '  y. )  ,  and  when  the  follow!  nr  condition  in  valid: 


<»*  <0,.  of) . 

"A  r 


u,u.H  («,. 


o,) 


0. 


(1.21) 


the  eioulity  i  r.  valid  for  random  pro  corner,  whose  characteristic 
fane*- 1  on  satisfies  equal  i.-r.  (1.21). 

ur  find  exprernlon  for  the  characteristic  function. 

.  1  4 1 1  on  to  •  qua*  1  n  (1.21)  has  the  form  of 

tn  *  («„  u,)  -  u,u, A-  (*)  f  n.  (1.22) 

G  ! ::  th*-*  f. action  subject,  *0  determination. 


I 

j 

1 


1 


To  determine  function  G  we  will  use  the  initial  conditions: 
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a)  when  p  =  1.  By  substituting  the  formula  for  the  two- 
oral  normal  ill  st  rtl  ut  Ion  ,  which  In  thin,  care  h  an  the  form 
f 

Pi*  ») 

In  t  !  t  •  t>  >:r  rosn  1  on  for  the  character  lot  i  c  function,  we  rot 

1  ,  r,  (a,  |. «,).  (1.33) 


n  (//,  J  «,)  r 


S'< 


X  4)e<«.  "«M*.  *««.»,/ 


(1 .  3;0 


1  v;:.cn  p  =  -1  ,  1  ;/  un  !nr  the  anolorcur  formula  for  the  two¬ 
s'  t.al  i !  .•  t  r ! :  at  1  on  ,  we  ol  tain  the-  f  llowlnr  express!  on  for 
”  tic  fund  1  <  n 


9^  Ot(u,  -  «#.)c'*-r4 


(1  .  33) 


i  *  n 


n .  ??) 


1  O.3'3)  we  ret 


G(hi.  hj) Hey)  +Gi(u),  (1  . '•  (  ) 

G,(h)  -  In  G(u,  + 1/:)  H/|U|. 


!  1  a  r  1  v 


an  In  f  (1.  3 h )  an  1  (1.3?)  we  r«t  : 


G(“l.  «j)  ’l(M|4  +H;V)  +G«(u).  (1  .  37) 

v; : .  •  )••• 

G,(u)  lnC(ui-ii;)  u,u;. 

F xpres nl cnr.  for  function  fl  which  are  found  on  the  basis  of 
o  nditlonn  a)  and  i)  should  he  equal.  The  relationships  obtained 
a!  ove  ar-  valid  for  arbitrary  random  processes  x(t),  y(t).  Thus, 
u,  ,  u0  can  le  regarded  as  independent  variables.  Under  these 

I  i 
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conditions  the  equality  of  expressions  (1.36)  and  (1.37)  Is  only 
poo:>!i  1'-'  when 

6i(u)  -  conit -Q.  i 


!'he  I'xptv.i.'lon  IV  r  the  characteristic  function  In  this  case 

»(«i.  u.t  r\p{  u,u.A(t)  +  «:y)  +  Q)  (1  •  3ft) 

cc  :'re.q  :il.'  to  two-dlmens  1  cnal  rausslan  cilstrlt  utlon  of  r?i4l* 

ns  tan*  7  can  to  considered  equal  to  z^ro  when  the  appropriate 
-real  isat  1  o*.  .■  *  an  Jar*  is  are  fulfilled. 

7:s;s  ,  lutlon  and  analysis  of  expression  (1.31)  have 

•••  wu  •  ha*  tne  las'  •  la  t  !>.  nsh  1 :  f  (l.sh)  Is  fulfilled  under 

the  ci  r.dl  t  1  or.  •  ha*  ran  lorn  processes  x(t '  and  y  < t )  are  rauss  1  an 


’:.e  i'-p>  :■  oc>-  i  -  oen  correlation  functions  of  raussian 

.  :  re ,*e. :  t-  f  and  after  nonlinear  t rans f orn.a 1 1  r  ns  are 
i.  :  as  1  s  f  (  1 .  '  ns  Id*  rlnr  the  averarlnr  of  the 

.  *  r!  s:.‘  r  art  f  ( 1  . )  we 


^r(T)  J  '*  J  /!*'<«> v)  Jy-  (1.30) 

--a*  -oo 


*  ho  twe-dlmensl  onal  normal  prohallllty  density. 


nl  inear  t  rat. s  forma*  Ions  and  processes  which  can  te  performed 
1  •  fore  correlation  leal  t  a  change  In  tin  form  ef  the  correlation 
function.  For  example,  in  the  case  of  a  1  1  lateral  restriction, 

V.'he  ft 


/■(*)  | 


I  npii  x  0, 
I  npu  x  <  0, 


fnpn  =  when] 


37 


(1.40) 


4  ho  relationship  between  the  correlation  functions  before  and 
after  nonlinear  transformation  will  have  the  form-  of 

*<»)  -•*  —  -trca"  |A  (T)J.  {  1  .  in  ) 

i'V'i.'ur'Tent  error  (tic  difference  ip(r)  -  K(t))  Is  flescrihed  tv  to 
s  jrves  shown  in  Fir;.  1.33.  Correlators  in  which  there  is  a 
t runs  format  I  on  of  the  studied  random  processes  according  to  (1. 

:ir-  calle  i  correlators  with  polarity  coincidence.  The  value  r  f 
the  output  effect  of  the  correlator  is  determined  by  the  probability 
:  1  incidence  (or  lack  of  it)  in  the  polarity  of  the  studied 

rr  •e.-ses.  I4  is  technically  easier  to  produce  correlators 
jo-ratinr  i.  the  indicated  jrinciple  than  correlators  with  ideal 
I j  Heat  I  n  (sen  5  ?.  1 ) . 

Tt  is  also  posril  le  to  us.e 

the  polarity  coincidence  method 
to  create  correlators  with  a 
nonraussian  distribution  of  the 
studied  random  processes, 
although  the  difference  between 
C/(t)  and  K(t)  in  this  case  may 
ie  ccnrideralle  [65]. 

In  ■  rr-  lation  ievices  with  a  nonlinear  transformation  in 
r.!y  charnel  when  certain  conditions  are  met  for  the  distri- 

:  1*  !  function  f  the  probaiillty  density  of  the  processes  and 
t  •  •  ’  runs  format !  on  character  1st  I  c  R8,  h r)  ] ,  correlation  functions 

,  (i  and  t.  (  t  )  differ  only  In  a  constant  factor,  i.e.,  in  scale. 

’"he  in  llcateu  result  Is  valid  for  more  than  the  gaussian  distribu¬ 
tion  . 

This  analysis  does  not  enable  us  to  judge  the  deterioration 
in  the  noise  characteristics  of  correlation  devices  which  contain 
non  linear  t  rans format i ons . 
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SECOND  CHAPTER 

CORRELATORS 


■  nr i  t::  r  :•  -  f7RRt:;.ATf”r 

r  i !  n  *  t  aim  :•!*:. n.  f  { 1 .  "  ^  -  r  (1 .  <  1  the  correlate*-* 

a  i  i I *  ! :  1 1*  f  a  mu]  *  i  pi  i  cat. !  n  nymteri  f  r  input 

!  iii'il.  •  a*,  i  'in  r  whic!  ini.  --rr'i*  th<*  rorultr  of  the 

:•  .]*.!:  1 !  ca*  i  j  r-.x  iict-  cf  a  mtatiotical  connection  between 

“  inj  i*  pr  roeultr  in  a  i-c  component  at  the  multiplier 

.  T.\*.  d- c  a  .".rrtvn*  par..*  or  ti.r  u.*h  the  interratcr  which 

:•  .  r  fluetuat  Ion  at  the  output . 

.  •  rr-1 at  r  I*.-.:  Irn  no  fr»-au**nt  ly  er.c  anterr  .serious 

ilfficulty  In  uchlevinr  a  ruffle  ler.tly  rapid  multiplication  device 
"’urrer.t  analom  mult  ip  11  cat!  n  method.-  can  be  \  roken  down  into  two 


an  i  Ini!  root 


e-v.-t- 


i*rcup  contains  .r/rtenu 


•!.  nrl  t  pn.vnieul  '-•ffect.r  proportional  to  the  product  of  the 
m*-a.".ur--d  jnantil  -  dual  contrcl  of  the  anode  current  by  the 
"’t  v  is  tu:  *■ ,  *  h<.  Hull  effect,  etc. 


I  n  i  I  r**ct  mult  it  1  i  cat  i  cn 

U.' 


r/r.temr  perform  much  multiplication 


,<y=  -  |(-V-{-  £/>*  -  (jf  —  y>*). 


■rat  I  o 


The  perat  1  on.;  of  add !  nr  ini  subtracting  can  i*e  performed  j 
1  n:i;  I’  rn'r:,  el  octroni  e  systems,  res  1  .store  ,  etc.'  The  initial 
•'cot!  n  of  the  anode-prid  characteristic  of  the  tube  trinde  or 
see4:!  n  of  the  volt-ampere  characteristic  of  the  semi  c  •nductor 
i!  !•  ,  special  electron  tubes  v.ith  a  parabolic  character!  st  i  c , 

!••  •Ircuitr  ,  •  t  c.  ,  may  be  used  a.-  the  square-law  generate- r. 

We  must  mention  a  pro  up  of  ievices-  which  belonp  to  the  dir 
■  !;  1  *  *a4  !  i.  .-ye  t»  ms  -  1  i  near  four-pole  networks  with  varial  1  • 

:  a  ram*  '  rs  .  " ;  <■  v:  rk  of  these  devices  is  based  primarily  on  th** 

:  f  *  n’rellirir  the  t  ransn! s  s  i  on  eoeffi  eient  of  the  four- 

:  :  .v  •  .*.  '"•*.*  v  Itap*-  *  f  r.ui  factor  is  supplied  to  t:  *-■  imp  4 

f  •*.!.•  f  1*  ,  an:  t  h<*  transmission  coefficient  is  varied  ’ 

:  :■  :  •  ’  !  :  *  *  *.*•  v  1’  up*  f  ‘  n*  they  factor .  These  systems 

!  .*■■.!•  :i‘  '  y;  *s  f  :•  iul  a4  r  •  . 

rake  it  possible  to  multiply  the 
simple  methods  which  provide  a 


:•••• !  <*n  f  a  rrel  atorj  can  he  facilitated  if  a  deviation 
fr  4  ■  •  a..-  r ! 4  .hr.  r  f  M  .  at.  i  H.  O  is  permitted  and  1  f  in 

:  i  •*  :  .1 4  1  r  ly  in.*  *  :.•>  s^  u-1 1<  i  r recesses  ti.e  functions  of  these 

:  r  -  .  s-s  ar*  s.ultipl  led.  Th*.  re  exist  various  methods  of  der  ir.ninp 
s'  c  rr**  a4  tv  ,  l.uelulinp  ‘•’me-  and  le  ve  1-di  ri  1 1  sat  i  on  of  the 
■  ' '  u  i  i  ■  ■  :  ;  f  no.'  s**s  . 

*  us  '--x amin«*  a  correlat  r  whose  action  can  be  descriled  in 
:!avrar.s  ( Fi  m.  .1).  Curves  a^  and  l  ^  represent  realisations  of 
4  :.*  .  4  i  i !  *'.  j  ran  n  processes.  Graphs  a0  and  l  ^  show  th.e  two 

C  L. 

:  --riodi  c  pulse  t  rains  with  a  repet  it  i  on  period  of  AT,  obtained 
fry.  a  sinpl**  sour '••.*  of  harmonic  oscillations.  We  will  assume 
t.nat  intervals  AT  ar>*  considerably  smaller  than  the  correlation 
times  f  the  studied  processes,.  The  second  pulse  train  is  ti  me¬ 
sh!  ft  *  *  i  by  m**ans  of  the  delay  ievi  ce  relative  to  the  first  by  delay 


:  i  souss»*  i  ai  V'* 
■  t.4  i  nuul  ly  ly 


:•'! .  .  ?  .  I  .  r  i 1 1 v*  r.- !  n  c  f  stu  iieci 
;  ;•  cm  ses  ! c  rr*  >  1  at  rr. 


:  ;  1 


'il  w 

v  r  ; 


f  4  he  first 
reel  anfu  1  ar  pul  ses  a 


hi  1  ■ 


i  v 


,'.V*'S  US  tUe 
! . "  .  In  1 1 

:  am:  1  !  i  u  i* -s  ar*  pre-port  !  mal  t  y>*  feren m 

I--!.,'4:.  !.•  :c-nst  ant  'ini  equal 
t  AT  <  t.  thr  urh  t  ran  r  format  ion  cent  lnuour 


arsfrrr*-i  !  n4  o  rr  ’em  a,  with  a  discrete 


•  !.  V-  •  1 


imilarly  the  .>>  pi^nce  of  wile  pulses  1 


!'.•  i,  w  so  a.”,}  1 !  t.  u  h  s  a.*"  f  :•  port  4  on.al  to  r<- ferences  B^,  r  , 


means  of  suwt  :  fi.  It  age  "lie  amplitude-nodulated 


4  rain  of  -  he  second  random  process  !  ^  1 


"  ran s  formed  Into 

dul  at**d  pul. am  1  t  .  Tie  wl  1th  of  the  pulses  obtained  is 

4  1  oral  4  B ,  ,  .  .  .  ,  Bv  .  means  f  the  coincidence  system 

currerr  s  (  a  ? )  are  multiplied,  form  1  nr  a  new  pul  re  current  , 

amrlltui*-  I  .•  rrooert  1  onal  tc  reference;-  c*,,  ....  u  ,  while 

1  ’  ’  n  ’ 


e  :  i  : .  i  .■ 


r  list 


1c  rrepor4  1  onnl  to  references  6,,  ....  B  . 

1  n 

a’lnr  a  pulse  train  for  a  large  nurd  er  of  references  fives 


ru.  fit;,4  "h !  ch  is  pr  portlonal  to  the  value  of  the  correlation 


oil. 


he  operations  pe rformed  In  the  correlator  may  be  Briefly 
ented  as  follows,.  For  each  of  the  processes  respective 


valuer  of  a(tj)  and  b(t^)  an?  assigned,  which  are  then  multiplied 
iii  1  added  over  time  NAT,  i.e.,  the  cum 

N 

,!  +  r,  .1) 

i- 1 

is  fermed,  w)il  hi  represents  an  approximate  expression  for  the 
'  rrelatlcn  internal  (1.  0. 

A*  rtain  ’  rrela*-'  n  function.'  may  he  similarly  performed,  i' 

v.t  *  ake  out'  references  at  tin*'  intervals  of  AT  >  t,  .  In  this  car 

k 

!\  r  *-a  'h  of  the  random  processes  we  car.  assume  that  subsequent 
feronc-T  ar-  not  correlated  with  one  another.  Each  of  the 
rr  corses  is  i  ro.ien  down  into  N  segments,  each  of  which  has  a 
1- nr*  \  f  AT.  The  segments  of  the  random  process  may  b«  re  par  1*  : 
as  its  so  pa  rat*  occurrences .  In  each  of  these  realisations  we 

r>  f •  •  r  nee,  v.t  ! ch  fro*  tiie  first  process  corresponds  to  the 
:■  -inn!:..',  while  a  *  I  me  shift  is  introduced  for  the  second  process, 
can  assume  t.uat  the  sum  of  (2.1)  in  this  case  expresses  the 
it*  ."ra  1  -  f  (1  .*  for  the  correlaMcn  function  when  the  set  is 
vs-.-ra  *•  j  .  -  r  *  he  sfi  ll^d  rind  "in  processes  the  orredi  c  property 

!.  va  1:1. 


. ’ .  2  .  !•!  o Ci*:  di  ar-*am  of 

<ai  correlator:  1  -  analor- 
al  •  nv--rt-  r*;  2  -  delay 
•f  ;  -  ari  t!;r.*'*t  1  ■  unit. 


Computer  methods  make  it 
possil le  to  acnieve  the 
correlator  deslrn  method 
discussed  above  ty  other- 
means.  In  the  correlator 
shown  in  Fip.  2.2  the  values 


of  the  studied  processes  which 
are  assipned  at  discrete 

wilts  of  tin*--  are  converted  Into  a  digital  form  and  enter  the 
dhrm-tic  unit,  whic.u  performs  operations  equivalent  to  mult i pi i- 
i<n  and  Integration.  One  of  t. he  studied  processes  can  also  be 
•iy  <s  i  ty  mi-ans  of  iipital  devices,  for  example,  shift  registers. 


! 


I 


In  dosignlnr  correlators  greater  deviations  from  the  alr.orithm 
(1.  •)  can  be  tolerated  than  In  the  case  discussed’  above;  for 
example,  Information  concerning4  only  the  moments  when  the  processes 
pass  through  /.ero  would  I  e  considered  and  Information  concernlnr 
the  envelopes,  discarded.  An  example  of  such  correlators  (see 
5  1  .  h 'i  would  I  e  s  I  rn  re  rrel  atom  (or  polarl ty-ool  nc  1  dence 

sorrel  a4  ors  ) .  The  simplified  functional  system  of  a  s  I  rn  correlator 
is  similar  4  .  that  shown  In  Fir.  ?. .  ? .  The  purpose  of  the  blocks 


■  1 1 


i  »  > 


e  different:  1  -  limiter,  ?  -  delay  unit,  3  - 


mult  1:1  ‘  cat  lor.  !  lock  .  V.  1 


rrespcndinr  to  the  studied 


an  :om 


Has¬ 


ses  are  amp! itud^-limite d.  In  this  case  only 
ncej-ninr  a  -’irn  chan n-  In  the  random  process  Is 
u] 4  I:  1  Tent  I  r:  is  dene  :  v  moans  of  the  coincidence 
■•at.  :  •  :  ‘•'ilned  v;  1 4  h  relat  1  voly  little  difficulty. 

In*  -ms!4;.’  f  r-eular  component  of  th»  cutr  it 

e t  ST'd'it  I'n  I  etwe^r.  random  rr  cesses  nan  he 


T:  stu  I 

s 

;  sous  so 

'l  l\  Jii"j 


y Ins  raussian  t  recesses  1  y  means  of  a  si rn  correlator 
:  In  :■  .••as  uri  nr  *’he  c  rrel  at  Ion  function,  some  of  which 
:  In  5  ( .*•  *e  IT,-.  1.1?).  In  analyzing  processes 

ass!  a:  :1s4  r  I :  ut  n,  4  t.v  connect  icn  i  et.ween  correlation 
4  a!:.*  :  :  y  air  r  1 1  nms  ( '1 .  - )  and  (.10  and  those  obtained 
a  s  I  rn  corr-  1  at  r  :  •„• comes  me  re  complex  [651. 


A  m.etncu  Is.  v;n  for  measurlnr  correlation 
r-’ul*.  ’  are  S  ta!n*-d  v;h !  ch  are  *1  ’  ,  the  ideal 

hod.  This  Is  achieved  i  y  in*  r  auclnr  special 
t  roc-'u-ses,  and  result.:  In  compl  i  cat  I  cn  of  the  sys 


functions  in  which 
multiplication 
auxiliary  random 
tern  [?pl. 


r.n  the  case  of  cross-correlation  reception  of  weak  sirnals 
In  the  presence  of  noise,  rood  results  can  I  e  obtained  from  a 
correlator  design  [28,  551  in  which  only  one  stored  sirnal  is 
subject  o  limitation.  The  random  process  which  is  received  (a 
mixture  of  signal  and  noise)  is  not  subject  to  transformation.  In 


this  case  the  output  volt  arc  of  the  correlator  Is  proportional  to 
t'li*  value  of  the  correlation  function  of  the  studied  processes, 
'orre  Tutors  of  this  type  are  sometimes  called  relay  ccr'-cl  ators 

!•'*]. 

Fandom  process  trans  format  1  on  corresponding  to  the  action 
principle  of  sirn  and  relay  correlators,  cannot  be  performed 
accurately  In  practice  due,  for  example,  to  the  presence  of  non* 
liri'  ur  and  Inertial  elements  In  the  systems.  The  actual  functi  n 
4  ran  ■  format!  on;  may  he  more  complex  than  one  mlpht  assume  In 
stu  iylnr  the  action  principle  of  the  correlators. 

hie  method  of  deslrnlnp  correlators  is  based  on  representir., 
c  relation  function  In  a  rerler  in  a  complete  system  of 
fu:  i*!c:.s  [  ,  r? ') .  71,*-  function  which  exists  in  the  interval 

*> '  ami  v:i  !  ch  satisfies  the  conditions 

«°  •  «  i_ 

till)  / (m)  —  0;  Jc  V  *H(u)\du<M. 

q 

W.  is  a  finite  number,  can  te  represented  in  the  form  of  a 
senior,  of  Lasuerre  polynomials ,  for  example: 

/(«)  =  2  CnL'm(„).  (2.2) 

W.V  T’e  a  >  -1  , 

ao 

c»  ■■  "r (,7-T.  p  i j -  J  i c  “ ,rLl (“) du' 

0 

wi  11*-  T  (■/.)  is  the  pamma- function ,  which  is  determined  by  formula 

r(*)=je- »/*-•<#. 

o 


f  Inte'.v.'t  also  are  simple  I.aruerre  polynomials  correspond!  nr  to 
.  =  • ) . 

.'cries  (2.?)  convolve;;  at  all  points  where  function  f(u)  is 
c  n*'  Inu  us.  At  the  break  point  the  eerier;  converpes  to  -^|/(«+0)-f 

+  f'  j  -  ^  \  J  aruerre  polynomials  ar-  determined  by  the  formula 

Ll  <M*  =  eu  TT  £  u,r '  *»•  n  =  °* 1  2  -  ( 2 1 1 } 

Cl  •"  li 

v  or-  ortho  renal  on  tne  interval  (0 ,  ®)  with  a  weipht  of  u  e 

'.■.'he!,  t  >  the  correlation  functl  a.  satisfies  the  at  cv 
■  •  r  •  !  .**  ;  o  :.:!*!  the  no  rice  ref  recantation. 

*•  ask  ef  the  correlator 

i.'  to  i"t,  •  rr.  i  r.e  the  coeff  I  cl  ents 

o  f  e>:p  -an:- ion  from  the  studied 
m  :  n 

tone  occurre:. ee  c  f  the  r  1  rnal  ,  nr.d 

’  hen  tc  s  .are  tiie  unknown 
correlation  function  from  the 
f  f !  c!  •••>.♦.  .•  uni.  c  ■  e  !M‘l  c  1  •  *ntr  can  :  <?  determined  \  ,y  means 

f  *•  .y.  ••”.  w:.  1:.  hi.  .  / .  - .  V  ltar°  at  th*  output  of  filter 

v:o  1  cl  :.a  •  i  r  uls.e  character! ct ic  of  h,  (t),  In.  equal  to 

y(t)  (t)*. 

:•  ; It  ’ :  1 1  cat !  n  an  1  avera.'i nr ,  assuminp  that  th  %  *~ra  lie 

V; :  1  i,  v;c  ,*-**  the  juunt  ity 

7JI)  ---'jR{’)hn(z)dz. 

wr  1"  accoriinr  tc  the  condition  that  h  (t  )  =  Be”  L  (Bt)  is  equal 
to  r\  X  Here  8  Is  a  constant,  which  is  determined  from  the 


AO 


0-  millions  of’  obtaining  the  least  error  with  a  finite  number  of 

filters. 


Tt  Is  technically  possible  to  produce  filters  with  this 
characteristic.  Hy  means  of  simultaneously  working  devices  rue.) 
a.  41  at  shown  In  Fir.  2.2  It  Is  possible  to  obtain  coefflc  *r.t 
corresponding  to  different  n  values. 

The  correlation  function  can  be  found  by  means  of  a  device 
sue;,  as  that  shown  In  Fir.  2.1 i.  It  also  contains  filters,  just 
as  shewn  in  Fir.  2.3.  Volt  are  In  the  form  of  Be”  L  (St)  is 
f  mod  iy  stimulating  the  filters  with  short  pulses  (6-functlon) . 

The  utput  v  ltares  cf  the  filters  are  multiplied  by  corresponding 
C(.  e  f  fl  cl ents  ,oi  t  al  ned  by  means  of  the  system,  shown  in  Fig.  2  . 
and  are  ad  led.  The  second  multiplier  is  needed  to  eliminate  th 
welrht  factor  in  the  sum  which  Is  formed.  As  a  result  a  voltage 
whien  represents  the  correlation  function  accordinr  to  formula 
.‘.2),  wh^re  u  =  St  ,  will  :  e  obtained  at  the  output.  The  advantage 
of  cermd at ers  of  tills  type  Is  tire  reduction  In  analysing  corre- 
lati  n  ci.aracteri s 1 1  cs  of  random  processes. 

Indirect  methods  are 
known  for  measuring  the 
normalised  correlation 
function,  for  example,  by 
analysing  the  level  curves 
for  two-dimensional  probability 
distribution  density.  For 
gaussian  random  processes 
curves  p(x,  y)  *  const  have 
•  •lliptical  shapes,  whose  axes  are  turned  in  relation  to  the 
i’  ordinate  axes  of  random  variables  x  and  y.  (For  other  distribu¬ 
tion  laws  the  shape  of  the  region  will  be  different.)  The  ratio 
of  a  small  ellipse  axis  to  a  large  axis  under  identical  process 
dispersions,  depends  on  the  correlation  coefficient:  i*=  (I— a)/(l+u). 


Fig.  2  .A .  dystem  for  shaping 
v  l+oare  proportional  to  corr°la- 
t  :  n  fu.net  1  r ns  . 


where  at  is  the  ratio  of  the  axes  of  the  ellipse.  The  position  of 
the  ellipse  on  the  plane  determines  the  sign  of  the  correlation 
coefficient.  The  sign  "+"  corresponds  to  the  position  of  the  large 
axis  in  quandrants  I  and  III;  the  sign  corresponds  to  quadrants 
II  and  IV. 


This  method  can  be  accomplished  if  a  cathode-ray  tube  is  used. 
The  studied  processes  (in  the  form  of  voltages)  arrive  at  plates 
X  and  Y.  Because  of  the  nonlinear  properties  of  the  luminophor 
on  the  screen,  one  can  observe  the  outlined  boundary  of  the 
glowing  region,  which  consists  of  one  of  the  curves  of  equal 
brightness,  i.e.,  function  p(x,  y)  *  const.  For  gaussian  processes 
the  correlation  coefficient  is  determined  by  the  formula  presented 
above . 


This  method  is  of  secondary  importance,  since  it  requires 
additional  calculations  and  has  a  low  degree  of  accuracy.  Its 
advantage  lies  in  its  simplicity. 


2.2.  CHARACTERISTICS  OF  IDEAL 
DIFFERENCE  FREQUENCY  CORRELATOR 


As  an  ideal  correlator  we  mean  a  correlator  containing  Ideal 
multiplication  according  to  algorithm  (1.8)  or  (.19).  Averaging 
is  done  in  finite  time.  An  interesting  case  is  one  where  the 
spectral  densities  of  the  studied  processes  are  frequency-mixed. 

In  actual  multiplying  devices  there  occurs  not  only  multipli¬ 
cation,  but  also  signal  detection.  Detection  leads  to  a  d-c 
voltage  component  at  the  output  of  the  multiplier  which  is  unrelated 
to  the  presence  of  correlation  between  input  processes.  If  the 
input  signals  are  sufficiently  powerful,  the  d-c  component  of  the 
detector  effect  can  considerably  Increase  the  d-c  component  causing 
cross-correlation  between  weakly  correlated  input  processes.  If 
the  processes  at  the  correlator  input  are  strictly  stationary,  then 


tin*  d-c  component  of  the  detector  effect  can  be  excluded  by  means 
of  compensation  voltage.  However,  actual  radl oengi neering  units 
always  have  nonstat ionarity .  For  example,  the  passage  of  a  weak 
signal  through  an  amplifier  Is  accompanied  by  power  mo  ulation  of 
this,  signal  because  cf  unavoidable  fluctuations  in  the  amplifier ' 
coefficient.  Thus,  the  above  compensation  method  is  not  effect  i\ 
In  an  overwhelming  majority  of  cases.  The  situation  in  this  ca s- 
is  analogous  to  zero  drift  in  amplifiers  with  d-c  voltage. 

To  eliminate  the  influence  of  the  detector  effect  mutual 
displacement  in  the  spectra  of  input  processes  can  be  introduced. 
In  most  technical  applications  this  does  not  result  in  serious 
difficulty  and  even  makes  it  possible  to  create  correlators  for 
studying  processes  with  a  wide  energy  spectrum  of  hundreds  of 
MHz.  Correlators  which  function  under  a  shift  in  the  spectra  of 
one  signal  relative  to  another  we  will  call  difference  frequency 
correlators . 

Let  us  analyze  the  work  of  an  ideal  difference  frequency 
correlator  under  the  following  assumptions: 

1.  Two  correlation  processes  are  transmitted  to  the  correla¬ 
tor:  the  signal  uc(t)  and  the  reference  voltage  ur(t),  which 

differ  in  their  strength  and  time  delay  by  x  .  The  signal  enters 
with  extraneous  noise. 

2.  The  signal  and  the  extraneous  noise  u  (t),  which  is  not 
correlated  with  the  signal  and  the  reference  voltage,  enters  one 
multiplier  input  additively;  the  reference  voltage  enters  a  second 
input.  At  the  multiplier  output  there  is  an  averaging  filter  whos 
band  pass  is  much  narrower  than  the  energy  spectra  of  the  input 

vi brat i ons . 

3.  The  spectrum  of  the  reference  voltage  is  shifted  by 
frequency  =  2irf^  relative  to  the  signal  spectrum.  This 


l' h  1  Tt-  might  be  achieved  by  the  cl ngle-band  modulation  methods, 
f  ei»  example  . 


.  The  studied  processes  represent  occurrences  of  narrow-hand 
gaussian  noise  with  energy  spectra  which  are  symmetrical  In  relation 
t  t!ie  central  frequencies.  We  v;lll  describe  them  by  the  random 
funct 1  one  of  (1.16). 

f.  The  average  values  of  the  processes  are  eaual  to  zero, 
while  the  correlation  function  under  the  assumptions  which  we  have 
male  are  determined  by  expressions  such  as  (1.19).  Thus,  for  the 
slrnal  we  have 


Rc(')--=\re  (*)  cos  t»et,  (2.U) 

where  s’.  <ot,  re(-.)  is  dispersion,  the  average  frequency,  and  the 
envelope  >f  the  autocorrelation  function  of  the  signal. 

The  autocorrelation  functions  of  reference  voltage  and 
extraneous  noise  are  expressed  by  similar  relationships  of  the 
type  of  (2.1 0,  although  the  subscript  "c"  is  replaced  by  V"  and 
"u"  respectively. 

The  final  goal  of  the  analysis  is  to  determine  signal/noise 
ratios  at  the  correlator  output.  The  studied  problem  has  a  direct 
relationship,  for  example,  to  the  analysis  of  the  noise  character¬ 
istic'  in  a  radar  station  operating  under  a  noise  signal. 

let  us  examine  t he  correlation  properties  of  oscillations 
entering  the  multiplier  input.  The  cross-correlation  function  of 
the  signal  and  the  base  voltage  has  a  nonstationary  nature.  Tj 
[rove  tliis  let  us  first  say  that  the  correlated  reference  voltage 
and  signal  have  the  same  central  frequencies,  i.e.,  =  uir  *  , 

while  t3  =0.  Then,  after  writing  the  reference  voltage  and  signal 
in  the  form  of  random  time  functions  of  the  type  (1.16),  we  get 
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•-  ■  co*KC+ wV .  »|  CM  !•,/,  +  •#*«?’, U  ■=» 

-  ~2  ■  i£,~(7jE'ir,'c'X  iaM-^,Tco.-,  (/,  - (,)  - 

-  E,  (/,)  Ee  (M  sin  9,  (t,)\  sin  (I,  -t,)  + 

4-  E~(ijEc(t,)  cos  I?c  (/.>  4-  970  ',) 1  cos  •»,  (/,  4-  (,)  - 
-'EjMffe'ft) sin |?e(/s)  }  ?r(M|sin«,(/:4-M}.  (P.Hti) 

In  ♦-hi.-.  r.*lat  ionshit  th>'  1  **:*, t-  t wo  term::  an  equal  to  zero,  since 

when  u>  =  Co  *  u),  the  i\  f'-rence  volt  are  and  the  si rnal  have  a 
c  r  J 

rt  at  1  nary  relat I onsh  If  and,  consequently,  their  cross-correlation 
fwnct !  n  nl  1  defend  rol>-ly  on  the  difference  t0  -  v  ^ .  Thus, 

Er  it,)  F.c  U;jcos  |?c  (T.\  4-  9r  (M|  ~  o. 

E,\t,)  E.  (t:)  sin  |?f  0.)  -f-  9,(01“  0.  (?  Jib) 

:v  -ju-ntly,  In.  ••xpre.v  !on  (Pj>n'j  there  remain  two  terms ,  which 
can  :  e  reduced  *  the  f,  rm  of 

m,  (/i)w.  (/?)  o, a,  r,(/2  f,)  Xcos[m, (/;  -/,) 4- 

(P.5  a) 

wher-  rt  (t,,  -  t  ^  )  ,  ^ f)  ( t  -  t,)  is  the  envelope  and  the  phase  of 
the  normalised  cross.-correlati on  function  of  random  processes 
up(t)  and  u  (t).  T  f  uy  /  then  the  cross-correlation  function 
o p  the  si, -nil  and  reference  voltare  will  have  the  form  of 

*rc  ((,.(,)  = 

-r,  {ZJ/jEci7! COS  |97(^T-7frT(7)l  COS  (*gf 

fiiTrjPc  ((TsijT|'re  (M  9r  (Ml  s!n  (<*fc  t :  «,(,)  4* 

4-  OyfeTgc'«lsi?,  ((.T+^'l  CC*K(,-W:)" 

£,  ((,)  £c(gsin  |?7 (',)  +  fc  ((.'I  s<n («,( ,  |- «c(:)}. 
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According  to  the  equality  of  (2jlb)  the  mathematical  expectations 
in  the  last  two  terms  are  equal  to  zero.  Finally- we  can  write 

Rrt(U<  h)  '*  U)  X 

Xcosl«c/*-<i)f/i  +  Ci(/i— Ml-  (2.5  b ) 

Thu.  ,  !n  the  case  analyzed  the  time  dependence  of  the  crcss- 
e  rrelation  function  R^Ct^,  t0)  has  a  periodic  nature. 

Let  us  study  the  characteristics  of  the  random  process  at  the 
multiplier  output.  The  regular  response  component  of  the  multiplier 
will  *3 qu a  1 

((•  ”j)  Mf  |i<c  0  "I”  T»)  um  (Tjf. 

If  v.re  c  nsider  relationship  (2.5b),  as  well  as  the  fact  that  the 
r-f’-r^n:^  v  It  are  and  extraneous  noise  are  independent,  then  we 


u„(t.  t.)  ~a,arr,(ra)  X 
X  eoslt.Hif — u>t  x  i  4-  J  ■  (  Tj)  I 


vd.er’-  r  =  tor  —  co  is  the  intermediate  (iifference)  frequency. 

Thus ,  under  the  indicated  conditions  the  regular  component  of  the 

output  voltage  of  the  multiplier  indicating  the  degree  of  correlation 

between  the  signal  and  the  reference  voltage  is  isolated  at 

difference  frequency  w(,.  The  amplitude  of  harmonic  voltage  is 

proportional  tc  the  envelope  of  the  cross-correlation  function  of 

random  processes  u  (t)  and  u  (t). 

or 

Let  us  examine  noise  at  the  correlator  output.  The  correlation 
function  of  the  process  at  the  multiplier  output  will  have  the  form 
of 


:  f  w « ■  remove  the  parent  hero:;  ami  ar.ru no  that  for  norma]  random 
pr  'i’.-..'".'  v,dt,h  :-.''rc  average  valuer  the  following  pe]  ati  onshlp  [77, 
;  .  ‘i ‘17  ' 
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*„(/.')  /?,  (*>*c<*H  «r  <•)  >,(■)  + 

-f-  l/f  (ljlle  (/  4"  *»)  "i  (l  +  *)  “c  i1  +  T  4  ">1  + 

-f  "r  (/R(7T-  •  T  *')  ",  it  +  •)  "At  f  TO- 


Yc.s  !  fa  •*  that  tne  aut occrre  1  at  1  on  functions  of  the 

:  f  r.  11  nor  a  r*  letermined  hy  i-ol  atl  cnships  in  the  form  cf 
( \ .  1  • '  ,  .!]•'•  the  cros s-corre] at  1  on  function  of  the  signal  and  the 

ref-rene**  vc]  *  are  arr-  ieperr.l  n^d  by  a  relationship  in  the  form  of 
r-  t  t:.--  fcllowinr  express ! on  for  the  time-averaged 
c-rr*-]  at  i  ~n  fur.  or  5  cr.  c  f  the  output  vo]  t  are  of  the  multiplier: 


(A’u  (/,  i|)  -----  j Vrr  <-)*rc  (i)  cusuy:  cos«ct  -f- 
+  vlr.  (*) r, „  (t) c< ««•,- cos ^  + 

»l*a  -) cos  |K +'*>«)<  J-  'd(t  +  «',)  — 

-)|  +  -j-  aVcj (■:.,) cos 


where-  <  >  ter. -ter  1 1  r:.«  averarlnr . 

7  fin;  the  energy  .'.pectrum  of  the  response  of  the  multiplier 
vr  mu.-4"  calculate  tne  Fourier  transform  from  the  time-averaged 
correlation  function.  From  the  expression  for  this  function  it 
follows  that  the  energy  spectrum  of  the  response  is  concentrated 
near  frequencies  oj  +  n  ,  w  +  w  .  lenerally  the  Intermediate 
frequency  un  which  Is  selected  Is  much  smaller  than  the  average 
signal  frequencies ,  the  reference  voltage,  and  extraneous  noise, 
since  amplification  is  easier  at  relatively  low  frequencies.  At 
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the  sane  time,  in  order  to  eliminate  the  harmful  effect  of  detector 
type  noise,  which  occurs  in  actual  correlators,  we  must  select  an 
Intermediate  frequency  which  is  considerably  wider  than  the  energy 
spectrum  of  any  of  the  input  oscillations. 

bet  us-  assume  that  these  conditions  are  fulfilled  and,  conse- 

s.-nutly,  only  noise  whose  energy  spectra  are  concentrated  near 

ilfference  frequencies  w  -  u>  and  w  -  w  enter  the  band  pass  of 
’  r  c  r  uj 

•  iv  avenging  filter  at  the  multiplier  output.  The  time- averaged 
’  rrelallon  function  of  the  response  of  the  multiplier,  which 
iescrlbes  the  output  voltage  In  trie  intermediate  frequency  range. 

Is  •-■jual  tc 

f  \\rc  (*)  ft  (*)  COS  <v  f  iWra,  (■;)  r,  (t)  cos  (»,  — 

The  firs’"  tv;-  terms.  cr  this  equation  re  fleet  the  correlation 
function  f  a  signal  which  has  been  transformed  by  the  reference 
voltage.  Tn  thils  ease  only  the  first  term  corresponds  tc  the 
o  ml  at!  or.  function  of  the  regular  component.  The  second  term 
:e*"ermin>"..  ♦•he  correlation  function  of  noise  which  develops  as  the 
r*  sul*"  of  the  fluctuating  nature  of  the  studied  processes.  For  the 
sake  of  simplicity  we  will  call  noise  cf  this  type  self-noise. 

(In  analyzing  extremely  weak  input  signals  it  may  be  necessary  to 
consider  the  internal  noise  of  the  correlator,  i.e.,  noise  caused 
by  losses  in  the  elements  of  the  system  and  by  the  discrete  nature 
f  the  current  carriers.  Vie  consider  internal  noise  in  the  same 
manner  as  extraneous  noise.)  From  the  obtained  expressions  it 
follows  that  the  energy  spectrum  cf  these  noises  does  not  depend 
or;  time  delay  t  ^  of  the  signal  relative  to  the  reference  voltage 
(this  has  also  been  confirmed  experimentally).  Let  us  find  the 
effectiveness  of  an  ideal  correlator  for  a  particular  case,  where 

/■i  (t)  =  r,  (T)=r,(T)  -r(x). 

Tj“0,  <diu-«lr.  C»(t)  **0.  (2.5c) 
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In  ful fill Inr  the  condition:’,  of’  (2. 5c)  the  time-averaged  correlation 
function  of  voltage  at  the  multiplier  output  for  the  Intermediate 
frequency  range  la  equal  to 


(?)-  ‘  3Vc«v|l’l  '*<•>+ 

L  § 


The  corresponding  energy  range  Is  found  by  means  of  the 
W lener-Khlnchln  transform : 


sM(/»-V»V  [I *</  -/.)■!  *</  +  /.))  +  |A(/-/.)+ 

+  A  (/  4-/.»l  I  I  Am  (/  /.»  I  :St  m  (/  4-  /,)]],  (2.6) 

•t  f 


^ere  6(f)  is  the  de]ta-Dirac  function; 


dSc(f)  j  Am(/)  -J  /’(t)rIU(-:)e-m,,rft. 


hot-  that  In  this  determination  the  energy  spectrum  is  assigned 
for  the  entir-  axis  of  the  frequencies  (-°°,  °°). 

In  (2.0  the  first  term  in  \  rackets  determines  the  spectral 
ienstiy  of  the  power  of  the  regular  output  voltage  component, 
vn.ich  appears  in  the  presence  of  a  correlation  connection  between 
the  r^f-rence  voltare  and  the-  signal  ;  the  second  term  describes 
seif-noise  cause'1  by  the  fluctuating  nature  of  the  signal;  the 
third  extraneous  noise  transformed  by  the  reference  voltage. 


In  examining  the  output  effect  of  the  correlator  the  question 
arises:  does  the  self-noise  of  the  signal  belong  to  the  signal 
component  of  the  output  voltage  or  to  the  noise  component?  This 
apparently  depends  on  the  type  of  unit  which  follows  the  averaging 
filter.  If  it  is  a  threshold  system  with  a  two-alternative  test 
for  the  hypothesis  of  the  presence  or  absence  of  the  signal,  then 


self-noise  which  appears  only  in  the  presence  of  a  signal  and  thus 
Increases  t hi e  probability  of  correct  detection  should  belong  to  the 
signal  component.  Tn  many  cases  self-noise  impairs  accuracy  in 
parameter  measurements,  In  which  case  it  must  be  referred  to  the 
noise  component  of  the  output  effect.  Tn  our  calculations  we  will 
have  tin?  second  case  in  mind. 

Let  the  narrow-band  averaging  filter  which  stands  behind  the 
multiplier  have  an  nnpl i tude- frequency  characteristic  H(f)  with 
a  maximum  on  frequency  f(.  On  the  basis  of  expression  (2.6)  we 
find  the  pcwer  of  the  harmonic  voltare  at  the  output  of  the 
averaci nr  filter 

OD 

P'  i  V.2  J  I *</-/.)  i  5 (/  +  /,)|//s (/)<//  = 

— *e 

In  deriving  this  relationship  the  property  of  the  delta-function 
1 .  cons  1 dered ,  i . e . , 

—at 

as  well  as  the  parity  property  of  the  amplitude-frequency  charac¬ 
teristic  of  the  averaging  filter  H(-f)  *  H(f).  The  power  of 
self-noise  at  the  output  of  the  averaging  filter  equals 

J  J  <0 

IA</  I.) + Ml +f,)l II’ uw- 

The  t  and  of  the  averaging  filter  is  assumed  to  be  considerably 
sm.aller  tl  an  the  energy  spectrum  band  of  the  processes  at  the 
correlator  output.  Thus,  the  integrand  represents  the  product 
of  slowly  changing  frequency  functions  gS^f  ”  ('q )  or  ^S^f  +  ^0^ 
times  rapidly  changing  H‘  ( f )  with  a  maximum  on  frequency  f  ^ .  Under 


i  host  c  ndltlcns  tin-  value  of  the  Integral  is  practically  determ'ned 
1  v  the  val  i--s  f  Mi-''  si.  wlv  ehanrlnr  function  on  frequencies  f, 
an  !  -f  .  If  w«c  c.  nr-Ulcr  the  parity  property  of  the  enerry  spectrum, 
we  ret 


?  2  a* 

C  ■  JVr- l  A  «2/.l  t  A(")|  J  H'U)df. 


Ith  similar  i  ■  •  •  j .  • .  we  fin  i  t  n«*  expression  for  the  power 

extraneous  no  Is*.  •,?  vs*  av'-rarlnr  filter  output: 


"4"“-  laS.u.'2/.»-K‘S-«<0|l  J 


p  put  s  1  rnal  /u '  !  se  raf  !o  for  an  1  seal  difference  frequency 
'  >•:•■•!  a*  r  is  !•' terr.  1  ne  i  as  ti.e  ra4  1.  o*'  the  power  of  the  repjlar 
c  r\  4  : t *■  1  rower  of  noise  at  the  output  of  the  avo-rari nr 

f  ’  1  •  r .  ras^-d  cr.  the  al  •  exp  rose  1  c  ns  we  ret: 
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wlv-r-  i  Is  *  e f f'-ct ! v*j  i  and  pass  .f  the  averar !nr  filter,  ^sunl 
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1“  r  •  xas.i  !•',  tiio  •■ff--c4  i  v«  !  ana 
a  slnrl"  oscillatory  circuit  Is. 


pass  of  an  ave  •afinr  filter  wit.: 
equal  tc 
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where  AT  is  the  t  ami  pans  of  the  circuit  at  the  level  of  -3  dB. 

Relationship  (2.7)  reflects  the  known  situation,  according 
t  which  the  signal/noise  ratio  at  the  correlator  output  depends 
only  on  the  energy  of  the  signal  (during  the  accumulation  time  of 
the  outp  it  averaging  filter)  and  the  spectral  density  of  the 
interference.  The  self  noise  of  the  signal  Belongs  to  interference. 

The  ideal  correlator  represents  the  technically  attainable 
liv.it,  arid  can  serve  as  a  standard  in  evaluating  the  degree  of 
perfect i  m  m  actual  correlator  devices. 

2  5  FlTlCTIOriAL  CORRELATORS 

i  Action  Principle  of  Fur^tional 
■ r  later 

Let  us  examine  devices  which  instead  of  multiplication  under 
t:  e  integral  sign  form  a  function  from  the  studied  voltages: 
r ( v ,  ;.  )  Th-  ilgorithrn  for  trie  work  of  such  a  device  is  determined 

1  y  * h-  relationship 


/IMO  ?/(' 


)\dt, 


(2.9) 


r’,  :f  we  assume  that  the  ergodic  property  is  valid  and  shift  to 
r/v  raging  of  the  set,  then  it  is  determined  by 


K[)  —  \  (\,  y)  p(.\,  tj\dxdy.  (2.10) 

V) 


h  vices  which  work  on  the  basis  of  algorithm  (2.9)  will  be  called 
functional  correlators  in  contrast  to  correlators  containing  ideal 
multiplication.  The  term  "correlation  detectors"  is  sometimes 
used  for  devices  of  this  type  in  detection  systems. 
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The  most  commonly  used  functional  correlators  are  those  for 
which  f(x,  y)  «  f^(x)f.,(y).  An  example  of  this  might  be  polarity 
coincidence  correlators  (or  sign  correlators)  for  whiet  functions 
f^  and  f^  have  the  form: 

(I  npH  .t>0, 

0  npn  Jf  — 0.  (2.1^ 

—I  npH  r<0. 

[npn  =  when] 

Transformation  (2.11)  transforms  the  studied  random  processes  into 
random  processes  with  a  constant  amplitude.  Information  about  the 
phase  is  preserved.  This  transformation  or  one  similar  to  it  car. 
only  occur  for  one  of  the  studied  processes;  the  second  random 
process  does  not  change  [55,  59]. 

Some  interesting  facts  in  studying  functional  correlators  are. 
a)  errors  in  measuring  the  correlation  function,  which  are  the 
result  of  nonlinear  transformations  in  the  studied  processes;  b) 
deterioration  of  the  noise  characteristics  in  a  case  where,  along 
with  the  studied  processes,  additive  noise  affects  the  input. 

Particularly  interesting  in  designing  functional  correlators 
are  dependences  f(x,  y)  for  which: 

1)  function  K(t)  differs  little  from  the  correlation  function 
found  under  ideal  multiplication  of  K^(x).  The  criterion  might, 
for  example,  be  the  maximal  value  of  the  relative  difference 
A.W)  l*«(T)— *(*)l  or  its  square; 

2)  the  noise  properties  of  the  functional  correlator  do  not 
decline  significantly  as  compared  to  the  ideal  correlator  The 
decline  in  the  signal/noise  ratio  at  the  output  of  the  functional 
correlator  can  serve  as  the  criterion; 
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3)  the  functional  correlator  is  technically  simpler  and  its 
dependability  higher  than  a  correlator  with  ideal. multiplication. 

The  first  condition  can  be  written  analytically.  It  leads  to 
the  integral  equation 

( I  (*.  J l)p(x<  V)  dxdy  =*  (t)  +  x  (t).  (2.12) 

t 

where  function  k(t)  describes  permissible  error  in  measuring  the 
correlation  function.  By  solving  equation  (2.12)  it  is  theoretically 
possible  to  find  the  forms  of  functional  dependences  f(x,  y)  which 
will  give  the  necessary  accuracy  in  the  wcrk  of  the  functional 
correlator  (if  such  a  solution  exists).  The  next  step  should  be 
tc  study  the  noise  properties  and  to  examine  the  conditions  of 
technical  realization. 

In  the  method  which  has  been  formulated  for  analyzing  functional 
correlators  there  are  great  mathematical  difficulties  associated 
with  solving  the  uniform  integral  equation  (2.12)  [31]. 

Thus,  in  analyzing  functional  correlators  it  is  best  to  use 
the  simplest  approach,  which  is  as  follows: 

1)  Examined  are  functions  f(x,  y),  corresponding  to  the 
characteristics  cf  nonlinear  elements  which  have  broa  i  technical 
application ; 

2)  for  the  selected  characteristics  f(x,  y)  the  correlation 
function  is  found  according  to  formula  (2.10)  and  poss'ble  measure¬ 
ment  error  is  estimated; 

3)  the  noise  properties  of  functional  correlators  are  studied 
and  compared  with  the  noise  properties  an  ideal  correlator. 


The  simplified  analysis  method  will  be  used  in  the  fourth  and 
fifth  chapters  In  studying  functional  correlators*. 

Simplest  Functional  Correlator 

Systems 


Various  construction  methods  and  systems  are  known  for 
correlators  which  contain  electron  tubes  and  semiconductor  element.' 
[*2,  19,  25,  28],  Let  us  dwell  briefly  on  simple  functional 
correlator  systems  whose  work  algorithm  is  determined  by  relations!)! 
(2.9) . 


In  the  low  frequency  and  radio  frequency  ranges  a  correlator 
system  based  on  a  balanced  ring  mixer  gives  good  results  [56,  59]. 

ne  design  variation  c  f  such  a  system  is  shown  in  Fig.  2.5.  The 
mixer  can  work  in  a  nonlinear  transformer  regime  as  well  as  in  a 
linear  oyster:  with  variable  parameters.  The  first  working  mode 
occurs  in  the  case  where  the  intensities  of  the  studied  voltages 
in  the  first  approximation  are  the  same.  In  the  second  working 
mode  the  intensity  of  one  of  the  voltages  Is  considerably  greater 
than  that  of  t lie  other.  A  bridge  balance  system  is  used  to  prevent 
the  studied  random  voltages  from  passing  directly  to  the  output, 
lirect  passage  creates  additional  error  in  measuring  correlation 
iependencr'.: .  In  this  case,  where  the  averaging  filter  at  the 
correlator  output  does  not  transmit  the  spectral  components  of  the 
studied  signals  (for  example,  In  difference  frequency  correlators), 
the  system  nay  not  be  balanced  and  may  be  used  to  switch  just  one 
iiod^.  This  mode  may  be  used,  for  example,  in  microwave  correlators 

The  reference  voltage  which  switches  diodes  enters 

input  1.  When  the  voltage  cn  the  cathode  of  phase-inversion  stage 
exceeds  the  voltage  on  the  anode,  the  diode  pair  ^ is 
triggered;  otherwise  diodes  ,  A^  are  triggered.  In  this  case 
the  signal  transmitted  to  input  2  enters  the  grids,  of  tubes  and 
.  The  triodes  of  /l^  and  convert  the  voltage  which  is  taken 
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off  points  B  and  B  of  the 
bridge,  whic'n  is  symmetrical 
with  the  ground,  into  an 
asymmetrical  voltage, 
separated  at  resistance  R^. 

Diodes  work  in  an 

’’on-off*'  mode.  This  is 
confirmed  by  the  characteristic 
(Fig.  2.6)  indicat.ing  the 
dependence  of  voltage  at  the 
system  output  on  the  effective 
value'  of  the  reference 
voltage  at  input  1  when  the 
amplitude  of  the  voltage  at 
input  2  is  constant.  If 
reference  voltage  exceeds  quantity  uQ,  the  system  works  in  a  "key" 
node,  i.e.,  the  conductivity  of  diodes  in  the  first  approximation 
acquire  only  two  discrete  values  corresponding  to  the  direct  and 
reverse  voltages  applied  to  the  diode.  The  effective  value 
selected  for  the  reference  random,  voltage  which  is  supplied  to 
input  1  is  considerably  greater  than  ufJ.  The  average  frequencies 
of  the  studied  voltage  spectra  should  he  different.  In  this  case, 
when  there  is  correlation  between  the  signal  and  reference  voltage 
at  the  output,  a  di f ferenc^- frequency  voltage  develops,  whose 
amplitude  is  proportional  to  the  envelope  of  the  correlation 
coefficient.  The  output  voltage  in  ^Ig.  2.5  is  supplied  to  a 
narrow-band  amplifier,  which  also  separates  the  harmonic  component 
of  the  difference  frequency  At  the  output,  in  addition  to  the 
harmonic  oscillation,  there  will  be  a  noise  voltage,  which  is 
caused  by  the  fluctuating  nature  of  changes  in  the  envelope  of  the 
input  signal  and  by  the  finite  averaging  tine.  When  R(r)  -*•  0  at 
the  output  only  noise  voltage  i;  present. 


Fig.  2.5.  Simplified  scheme  of 
functional  correlator. 


so 


I’ll*.  ?.t  .  Amplitude  of  outf  ut 
signal  as  a  function  of  ampli¬ 
tude  of  reference  volt  are. 

manipulated  signals ,  the  following 
co  rrelator  output 


The  studied  system  makes 
it  possible  to- measure  correla¬ 
tion  dependences  for  raussian 
random  processes  with  an  error 
close  to  that  of  a  correlator 
with  ideal  multiplication. 

In  a  case  where  the  input 
and  reference  voltages  are  phase 
voltage  is  formed  at  the 


ll(l)  -  -  /l.Vif l)X;(l)  •  COS  (toil  +  A|)  ■  COS  (Mif  +  fij), 


who:*"  A  =  const,  x-j(t),  x0(t)  are  modulating  pseudorandom  vide 
irnals;  i  ^  and  f>  a  re  the  initial  phases. 

it :  u*  voltare  is  averaged  by  mean::  of  a  filter.  Each  of  the 
.ini’  t  video  signals  acquires  a  value  of  +1  or  -1.  Table  2.1 

shows  the  possible  values  cf 
modulating  video  signals  and 
the  value  of  the  output 
voltage  (product)  correspond¬ 
ing  to  them.  Tf  the  modulating 
voltages  are  coherent,  i.e., 
if  the  time  position  of  their 
syrnt  ols  coincides  and  if  the 
l*-ngth  is  the  same,  then  output  village  will  !  e  harmonious  with 
constant  amplitude.  In  the  case  cf  a  time  shift  in  the  modulating 
voltages  l  more  than  one  symbol  ,  the  pseudorandom  nature  of  output 
voltage  modulation  is  preserved.  In  the  case  of  a  time  shift  ly 
less,  than  one  symbol  in  the  modulating  voltages,  there  will  ie  a 
harmonic  voltage  at  the  output,  and  its  amplitude  will  change  as  a 
function  of  delay  according  to  the  law  of  the  envelope  of  the 
■  rrf-lation  function.  In  addition  to  the  regular  component,  output 
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voltare  also  contains  a  variable  component,  whose  intensity 
increases  as  the  correlation  coefficient  increases  between  the 
studied  voltages. 


The  system  described  above  is  advantageous  in  that  test 
results  are  independent  of  the  characterist ics  of  nonlinear 
elements,  work  is  possible  in  a  wide  frequency  band,  and  the  system 
is  simple  and  dependable. 

Balanced  functional  correlator  systems  which  are  used  to 
study  narrow-band  random  signals  and  pseudorandom  signals  in  the 
radio  frequency  range  should  be  created  in  the  form  of  resonance 
devices  (Fig.  2.7),  whose  operational  principle  is  analogous  to 
the  one  discussed  above.  In  the  superhigh  frequency  range  the 
simplest  correlator  could  be  made,  for  example,  in  the  form  of  a 
balanced  mixer  based  on  a  doutle-T  connection  or  similar 
arrangements . 


Fir.  2.7.  Simplified  functional  correlator 
system  for  analyzing  narrow-band  random 
processes  in  the  radio  frequency  range. 


Electronic  correlator  systems  are  extremely  diverse  and 
deserve  a  special  discussion. 


.  .  .  COHRFI.AVT  'M  PKVT  CKT 
TRACKTh’d  A  PTOMAL  DELAY 


An  examj  1«  of  a  system  which  tracks  a  delay  might  le  a 
f arret  track! nr  radar  station  with  correlation  procesrlnr  of  the 
r-  ce  1  ved  :•  1  enal . 


.'.’ee-vsary  el em-nts  In 

l1-'  V  ;  C  n  (  ( i  :  ‘  !  Si  1  h  a  t  !•)  ,  V.’lii 

*  a  v-i.t  re  lie  i  :  arnrvt  .  , 

s  re  exar  pier  f  corn*  1  i’  !  < 


a  ‘racking  ry  a  tern  are  the  correlation 
v.  rener a4  an  error  signal  accord  I  nr 
an  i  a  !’••■  i:  ark  circuit.  Let  us  ex  at.  Ine¬ 
rt  device::  which  track  a  signal  delay. 


ck  Harr  at:  f 


*  r»  c»  '■*  t.-  ’  n  ”  i  \ .  ■  '  v  *  n  1  n  ri  t c  r*  fo  r  n  o  i .  • f 
.'.h'nal  i-la.v:  1  -  multiplier; 

-  c  it*  ml  lei  delay  line;  -  - 
:  l  ff.-rem  !  at 1  or.  dev!  ce  ;  A  -  1  cv; 
frege-roy  fi  It  •.  r ;  5  -  fvrihack 

c  *  a  ^  *  *■ 


Figure  .?.B  [5^,  57,  °>  1  1 
.'}  -wc  the  t  lock  dlarrar  of  a 
i  1 scriminaior  operating  under 
a  noise  signal. 

7'ae  slrnal,  contalnlnr 
!t  formation  about  the  param¬ 
eter  which  Is  leir.g  automatic¬ 
ally  tracked  Is  transmitted 
to  the  discriminator  along 
channel  I  alonr  with  noise 


«l(0  ~  A  •  II,  (t~  — T /»)  t  tlm(l), 


o  efficient  which  describes 


:-e  f-r--r.ce  v  It  are  u„(t'  =  u  ft  -  i.  )  is  conducted  to  input 

0  c  h 

I.’.  Inis  vo  It  are  passes  throurh  4:.he  d  !  f  ferent !  at  1  nr  block  and 

t .a rough  tne  line  with  controlled  delay  x  ,  which  may  differ  from 

the  actual  delay  x  by  a  small  quantity  e(t)  =  x  (t)  -  x,(t) . 

P  p  0 


The  dependence  on  t.  ! 
luring  the  working  process 
during  the  averaging  time 


nd  !  ca t  en  i hat  x 

P 

of  the  system, 
these  changes  are 


and  Tfj  change  in  t  irne 
We  will  assume  that 
negligibly  small. 


Let  us  flmi  the  voltage  at  the  discriminator  output.  Let  us 
represent  the  signal  in  channel  I  in  the  Taylor  series: 

M,(0—  A  [««(<  l  — •«)  + 

+  *•)+  •]  f 11  ui  (0- 

F rim e  si, -ns  indicate  a  derivative  with  respect  to  e.  If  we 
assume  that  averapinr  time  is  preat  in  comparison  to  correlation 
v!me  and  that  the  erpodic  hypothesis  is  valid,  then  we  pet  the 
fcllowinp  expression  for  voltape  at  the  discriminator  output: 


"a  (6*) 


•p,  -1,7  **' + 


The  secon  i  term  determines  extraneous  noise,  which  is  not 
analysed.  For  the  first  term,  if  we  put  the  expression  for  the 
input  sirnal  in  the  form  of  the  Taylor  series,  we  pet 

“a.  (*.  *) — a  km'c + « («^)! + «vCM"«  4- (2.14) 
w: .  e  re  Mc  =  «*  U  —  *,).  <•',  —  jvp.  B  ~  const 

The  second  term,  whose  sipn  and  quantity  are  determined  by 
the  deviation  in  the  actual  delay  sipnal  from  that  established  in 
the  line,  has  the  basic  meaninp.  The  error  sipnal,  which  is 
impendent  on  difference  -  Tr ,  acts  uoon  controlled  delay  line 
k  through  feedback  circuit  5.  Delay  tricking  accuracy  depends 
on  a  number  of  factors,  ir.cludinp  noise  intensity,  the  amplification 
coefficient  in  the  feedback  circuit  (block  5),  and  the  discriminator 
characteristic,  i.e.,  the  form  of  function  (2.14).  The 
discriminator  characteristic  can  have  different  forms.  Figure  2.9 
shows  the  discrimination  characteristics  for  noise  signals  of  two 
types:  narrow-band  and  broad-band. 
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F'm.  ?  .  • .  ri.-ci'Ir  li.’it  or  character- 
.1  .•  t .1  c.  f  r  noise  .j'lmnal  delay:  a) 
narr  v;-i  and  !  )  1  road-band 

nc:  se . 
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narrcw-tan.i  nr-  ice  ti.e 


'nr  section  of  the  discriminator 


r  ] 

i 

«/. 


'  ,v .  ■  •  e -an 
m-asurinm 


rr-  spends  to  a  noise  r  Irnal  lying  In  site  range 
v.vrkinr  s.'-cti  a  of  the  characteristic  has  a 


For  narrw-i  and  noise  there  may  be  several  sections 
.70  slope  in  the  characteristic.  This  means  that  the 
rk  In  a  control  mode  at  several  values  of  i r  (in 
•terns  this  leads  to  error  in  determinism  the  distance 
For  w  i  de-l  ar  i  noise  there  is  only  one  working  section 
e  c.aract er ! s t i  c .  In  ti.e  case  of  small  error  simnals  the 


:  s  cr:m. l.nat 


r,  '■»  •'  ,a  >»  i 


can  be  considered  linear. 


Ti.e  discriminator  can  be  created  not  only  for  a  noise  signal, 
bu‘  for*  simals  form*  1  <n  tire  basis  of  a  pseudorandom  sequence  ri7] 


r*  r>  y.  3.  !ri  r  1  9  3  * , 

m-se  que-nce )  . 

Figure  T.10  sinews 

a  block  di 

agram 

suer,  a  uiscrir 

l.’rat  I*.  Ti.e 

simnal  in  th-  form 

of  ( ? . 1 7 ) 

is 

■net  od  thr*  up: 

,  rr.annel  I  tc 

1  he  discriminator. 

,  V  o  1 1  a  ge  s 

rest  ondi  r.g  t 

tv:  i"lays  ar 

-  con  iucted  to  tiro 

mult ! pi i er 

r  from 

rag--  system  *i 

:  u  (t  -  t  - 

c  0 

tp)  -  along  channel  TIa, 

u  (t  -  t  +  t  „ )  -  along  channel  III  ,  where  ta  is  the  expected 

ci  0 

ielay  *  i rn<'-  (controlled  parameter),  expressed  as  the  number  of 
symbols  in  the  sequence.  Voltages  from  tire  output  of  the  multipliers 
ar>-  calculated  and  are  averaged  1  y  means  of  filter  7  (averaging 
time  is  much  greater  than  correlation  time).  Voltage  at  the  output 
of  filter  7  is  determined  by  ‘.he  relationship 
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«,(/.*)  H\ucU 

-  itc (If  —  Tp)  hc (/--?,  }  /,»)  |  /?*.  (2.15) 
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k  d 1 agram  o  f 

•  rack  In.*  ii  s  crimi  riator  for  delay 
in  p seudorar.don  sequence  :  1  - 

multipli  err  ;  2  -  add  1  nr  system; 
i  -  1  v;  frequency  filter;  - 
•yuan in.-  ar.d  lei  ay  of  pseudorandom 


tu^nce 


r  -  \< 
•  fe-  !: 


sc nt ro 1 
circuit 


The  last  term  describes 
the  effect  of  noise  for  which 
no  analysis  is  made.  Let  us 
examine  the  first  term 

r  )  ~  B[R  (t  fn)  -R{r  Wo)),  (2.1 6) 

where  R( t)  is  the  cross¬ 
correlation  function  of  the 
sirnal  and  the  reference 
volt  are . 


characterist  i r 

r  ^  »  u  >-»  ^  -» * 

U*TU*  VOlta.'f 


wnlcr.  1. 


Relationship  (2.16) 
determines  the  discriminator 
shown  in  Fi g .  2.11.  The  working  segment 


i  -1  •  +•  *  r* 


corresponds  to  -tn  <  c 


<  t  q  ;  when 


>  2t 


0 


is  equal  to  zero.  Whereas  the  studied  signals 
r-p  vs  ‘-nt  a  peri  o  li  call;:  repeated  m-sequence,  the  discriminator 
characteristic  is  a  periodic  function  of  error  signal  e .  The 
r.aracteri st i c  depicted  in  Fir.  2.11  corresponds  to  an  ideal 
pseudorandom  sequence  and  thus  contains  treaks.  The  actual 
characteristic  would  not  contain  breaks  because  the  pass  bands  of 
t.h”  linear  1  locks  in  the  system  are  finite. 


Fir.  2.11.  Discriminator  charac¬ 
teristic  of  pseudorandom  sequence 
delay . 


The  voltage  of  the  error 
signal  from  the  output  of 
filter  3  acts  throurh  feed¬ 
back  circuit  6  on  delay 
system  changing  t0  in 
accordance  with  the  change 
ini  . 


62 


i  i  71  CAL  C  RRK LATCH 


An  operation  correspond  ini’;  to  a  correlation  intorrator  can  He 
performed  not  only  by  electron!  c  .'ystenu;,  but  by  me  an  .a  of  optical 
lev!  ce.-  .  1  1,  t  ),  7r,  ]  which  use  both  coherent  and  noncoherer.' 
raila*  '  us  n-.a-ll  on  colierent  optical  devices.  The  use 

plica!  !  e  v  I  in  civ  at  1n>*  correlators  is  based  on  the  use  of 
’  •.  b*v!cfs  ‘  [  *>rf i-  rm  multiplication  and  interration  operations. 

In  this,  case  we  use  i  ne  propert.y  of  the  chanpe  in  the  amplitude  and 
inase  of  the  lirht  as,  it.  passes  throurh  an  optically  heterogeneous 
:v  !  is.  ar.<l  the  focus ! nr  -  Pf^c4-  rf  t.  ne  lenses. 

;  t  !  '*a  1  system  can  1-  easily  analyzed  usinp  the  method 
fr  s.  *  ■  ••  *  i.e  ry  f  tin  f!<  Id  and  conif  iex  shape  presented  by  an 

r  r:.a.*net  I  c  oscillation.  The  optical  system  will  be  ■•or.pl''  i  e.. 
r  thr*  -  ii  .m-'Cisicrially )  colierent  if  the  wave  fronts  represent 
a  sv’fa  "  f  loth  constant  phase  and  constant  amplitude.  For  a 
;  ural  ,  nomorervou:  lirht  !  ear;  r  a  laser-  learn,  f  r  example,)  we 
:  v/e  ■  =  •  xr  (  I  cut  )  ,  wi  •  r-e  oj  j  lays  the  role  of  the  carrier.  A 

-  1  ’  wave  of  -in !  form  amrlitude  is  represented  in  the 

f  f 

The  phase  factor  <->xp  (Iml)  is  dr<  pped ,  since  tne  system  is 
coherent  ,  i  .  •  • .  ,  the  phase  i-el  a*-  3 r  nsh  5  r  .  for  lirht  waves  at 
liff-  i-tr  f  -  ints  !r;  space  are  rot  t  *  me  dependent. 

Ti.>-  studi*  i  si rr.al  car.  !  e  tala  t  on  a  transparency .  The 
transmitt !  vl  ty  of  the  transparency  describes  tie  amplitude,  for 
/anil-  ,  while  its  thickness  describes  the  phase.  The  filters 
nay  also  ie  made  In  the  form  of  transparencies. 

The  t  ransmi  tti vity  and  thickness  of  the  transparency  are 

p 

dojcrlied  I  y  functions  t  (x,  y)  and  respectively,  where 


»  7 


n  Is  the  refractive  index  of  the  material.  After  passing  through 
the  transparency,  the  light  wave  undergoes  an  amplitude  change 

p 

In  accordance  with  the  type  of  function  t  (x,  y)  and  additional 
t  hast*  shifts  according  to  function  a(x,  y).  A  transparency  with 
the  indicated  parameters  can  be  described  by  the  function 

S  (.v.  y)  —  t  (jr.  i/)  e'*  •*  *'’.  (2.17) 

As  the  light  wave  travels  through  the  modulating  medium  (served 
ly  trie  t ransj  arency )  the  following  complex  multiplication  operation 

's  performed 


F.:  S,F,  Mx.yWx.u\e,lt"  (2.18) 

In  i  I  enters  in  tie.  optical  range  (photocells  and  others)  are 
sensitive  to  light  energy,  and  thus  their  indications  are  propor¬ 
tional  to  t.he  square  cf  light  wave  amplitude.  In  recording  light 
wnv’-s  by  means  of  complex  functions,  the  expression  for  wave  energy 
will  have  the  form  of 


«■*/;£*, 

wi.-r-'  i<  Is  a  constant  coefficient;  the  asterisk  denotes  a  complex- 
conjugate  value. 


L~t  us  examine  the  system  of  an 
uri  er  transform  (Fig.  2.12)  can  he 
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Fig.  2.12.  Optical  system  which 
performs  Fourier  transform:  /l, , 
-  ideal  lenses. 


»;  z 


optical  device  by  which  the 
made.  Lens  /l^  creates  a 
parallel,  monochromatic  bean 
of  rays.  The  spatial  distri¬ 
bution  of  the  field  on  plane 
will  be  designated  as 
El^xl*  Let  us  determine 

the  distribution  of  the  field 
on  plane  Pp  in  systems  of 
coordinates  Xp  and  y p. 


6‘  I 


.-dialysis  of  the  proot'.n;i\;  1 s  based  on  the  use  of  the  Huygens 
principle.  A  complex  r*e;  resentat  Ion  of  the  field  at  point  x  ,  y,, 
n  plan-'  *  ,  Is  l  talned  as  the  sum  of  the  components  f  all  points 
on  plane  1^.  In  a  iirection  close  to  the  axis  of  the  ptlcal 
device  the  voltage  of  the  electromagnetic  field  created  hy  the 
•■lenent.  of  {lane  I,  at  the  point  with  coordinates  x~  and  y~  Is 
let.ermined  hy  the  rel at  1  onshl p 


,lEt - 7^ 


■•I  <  »• .  V,  «,  It,}  I 

X  J 


,  =  c  nst;  1-,  is  the  Initial  jhase,  a  -  optical  distance 

ie'w--~n  joints  wit:,  coordinates  y  ,  y  and  x., ,  ;/p ;  A  -  wavelenrth. 

he  ii  fferences  in  pnases  constituting  the  field  in  plan*-*  P 
ar-  in* -  res*- inr ,  and  thus,  we  can  drop  tne  factors  whicn  describe 
adiitlonal  phase  shifts  which  are  common  to  all  points.  Attenuation 
in  the  f  I  el  j  durir.r  wave  preparation  can  also  be  ipnored.  The 
v  1  f  are  f  *‘h<  fiel  1  at  point  x0 ,  y0  can  be  determined  by  the 


EJx.JJ.)  jj  /h(  v,.i/ jc  ' 


(2.19) 


"  v;  l«t  us  calculate  the  quantity  a(x,  ,  y.  ,  x~,  y0). 

Yit  will  draw  a  stralrht  lino  from  point  x0 ,  y  ^  throuph  the 

carper  of  the  lens  to  the  Intersection  with  plane  at  point  xn. 

•1  an-  f  is  perpendl  cu  1  ar  to  tine  stralrht  line  and  forms  the  ample 

,  wh.  s, r  normal  is  toward  the  axis  of  the  system  (Fip.  ?.13).  The 

:lane  wav-  v/hose  phase  front  lies  In  plane  P  will  be  focused  at 

n 

the  point  with)  coordinate  x0  =  f  tr  9.  The  optical  lenpth  of  the 

C- 

pat!)  between  the  points  of  plane  Pn  and  the  point  x^  is  equal  to 
the  constant  value  C,  where 


C  ^  r.  r.  ,  l/j?’  -  xl  cos!  0  4-  V /’4-  , 


Fir.  P.3  3.  Pith  of  rays  in  lens. 

Let  us  represent  the  term:'  in  the  firnt  part  in  the  form  of 
a  .'erics  and  limit  ourselves  to  the  first  two  terms.  Let  us  also 
assume  that  x  />*  =  x0/f,  where  f  and  r  are  the  front  and  r°ar 
f^cal  distances  of  the  lens. 

For  small  angles  a 

'-«+'+(>  r)4- 

Accordin'  to  the  Huyrens-Fresnel  principle  all  points  on 
r  lane  P^  located  to  tne  right  of  the  studied  plane  Pn,  i.e.,  along 
tine  preparation  path  of  the  light  wave,  should  participate  in  the 
formation  of  the  image  at  point  xn.  Points  to  the  left  of  Pn  in 
-his.  case  should  not  te  considered,  since  oscillations  from 
secondary  (virtual)  emitters  in  th°  plane  are  damped  by  the 
r:r'  ceding  echelon  of  waves  eminatlnr  from  the  wave  front  to  the 
l"ft  of  P  .  Ihysically  this  denotes  the  absence  of  waves  to  the 
roar. 

The  distance  from  the  points  on  plane  P^  to  point  x0,  :/p  is 
found  by  addinr  to  C  the  term  -x  ^  sin  9.  For  small  angles  0 
sin  6  =  Xp/f  is  valid. 


As  ri  iv ;■  ul t  we  ret 


«(.V,.  .V.) 


A'  +  /  4  ^  1  — 


.*}  x,*. 

-7  T~' 


the  case  f’  a  tnreo-d  Lnens  lonal  ’face,  the  expression  for 
i!  stance  a  will  be 


rt(.v,. »/,.  v ...  y  ) 


consl-f  (|  _  J  J 


-  i  v, 


y> 

f 


(2.20) 


volt  are  v  f  the  field  on  plane  T  n  is  determined  v/lth  an  accuracy 
up  tr  a  cam- rant  factor  by  the  re  la*. !  unship 


v: :  ■  f  •  >**. 


M.*.-  »M/.>  j 

E,(x,.  y,  M*  </.v,<///,  j  o 

?<*.  • »/.)  *  (i  - 1  y*]  ■]  •/.) 


t'j  "»( 


(2.21) 


re.  =  f  the  factor  lohini  the  brackets  in  formula  (2.21)  is 
:un!  tc  ne .  In  this  case  relationship  (2.21)  represents  the 
sorse  Fourier  transform.  T.\  the  theory  of  the  Fourier  transform, 
.  :.i  ftinr  fr  r.  a  frequency  ran/re  to  a  time  range,  the  kernel  of 


iac 


lUt 


the  form  of  e *  ,  i.e.  ,  its  sign  corresponds 


kernel  in  formula  (2.21).  Conjugate  kernel  e 


—  i  cut 


i: 


-  . -uitial  in  shifting  from  a  time  ranpe  to  a  frequency  range.  In 
ti  •*  '•a  so  of  an  optical  trans  formation  the  sirn  in  the  kernel  can 
i  r-  c:.anrr-d  if  the  direction  r  f  ‘hue  coordinate  axes  of  the  trans- 
f  r:v-d  function  system  is  changed.  Figure  2.1^  sh.ows  the  simplest 
•  pt !  cal  ievic  which  can  make  forward  and  reverse  Fourier  transforms. 
The  parallel  r  earn  of  light  rays  from  a  coherent  source  falls  to 
t;r  left  onto  plane  P^.  Quantity  F.^(x^,  y ^ )  describes  the 
iistribution  of  the  field  on  plane  .  The  ideal  lens,  in  which 
at! orations  are  absent  (abl  orations  impair  output  resolutions,  since 
they  decrease  integration  effectiveness),  performs  an  operation 
corresponding  to  a  transform  in  the  form  of  (2.21)  when  6  =  n.  If 
i  r,  (2.21  )  we  dec,  i  gn a t e 
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'  t 
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ptlcal  . ystem  which 
er forms  forward  and  reverse 
curie:*  trans  ferns . 


then  we  get  a  formula  which 
coincides  v/ith  the  forward 
Fourier  transform  (when  the 
direction  of  the  coordinate 
axes  is  changed),  i.e.,  the 
kernel  of  the  transform  made 
i  y  lens  is  equal  to 


e\p!  —  *  («•>»  + 


Ideal  lens  performs  an  operation  corresponding  to  the  reverse 

t- 

Fourier  transform,  iiere  the  direccicn  of  the  coordinate  axes  in 
F  lane  P,  is  ti.e  same  as,  in  plane  P0.  The  studied  optical  devices 
make  it  possi!  le  to  perform  trans  formations  for  both  the  x-axis  and 
* -.e  v-axis.  hy  natur-  the  signals  are  functions  of  only  one 
variable  -  tirrg.  In  this  case  the  second  coordinate  can  be  used 
f~r  simu.lt anecus  processing  of  a  rreat  number  of  signals  [53,  69]. 
The  ne-dinens i onal  Fourier  transform  can  he  accomplished  by  means 
f  a  system  similar  to  that  shown  in  Fir.  2.1^  by  introducing 
\vl! ndricnl  lenses  which  focus  only  in  one  plane.  Cylindrical 
lenses  must  be  introduced  between  the  plane  and  the  first  lens 
and  •  etween  plane  P„  and  the  second  lens.  Through  the  combination 
of  cylindrical  and  spherical  lenses  a  single  [one-time]  Fourier 

*  r- ns  form  is  achieved  along  trie  x-axis,  and  a  double  [repeated] 
transform  along  the  y-axis.  Plane  P^  in  this  case  has  coordinates 

•  V  * 

The  device  which  achieves  the  Fourier  transform  is  the  basis 
f  i  he  optical  correlator  shown  in  Fig.  2.15.  Let  us  see  how  the 
cross-correlation  function  of  two  narrow-band  random  processes  f(x) 
and  g ( x )  are  found.  Spatial  coordinate  x  can  reflect  time  in  a  cer¬ 
tain  scale.  A  transparency  with  variable  tra asmitti vity ,  corre- 
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Fir.  2.15.  Simplified  optical  corre¬ 
lator  system. 


spending  to  function  f^  +  f(x)  is  placed  in  plane  P^,  where  f  q  is  th 
inference  level,  relative  to  which  the  transmitti vity  of  the 
transparency  changes  l n  accordance  with  function  f(x).  The 
introduction  of  a  reference  [base]  level  is  necessary,  because  the 
transparency  cannot  have  a  negative  transmittivity  value  and  is 
capai le  of  reflectinr  only  unipolar  signals.  Radio  signals  are 
bipolar.  When  a  reference  level  is  present  the  reading  is  begun 
at  f.-j  and  the  polarity  of  the  signal  is  reflected.  In  plane  Pp  we 
ret  the  Fourier  transform: 


V*'  /  ^ 


The  presence  of  the  reference  level  in  subsequent  multiplica¬ 
tion  operations  may  lead  to  additional  parasitic  background.  To 
re novo  the  background  in  plane  P9  a  filter  -  a  nontransparent  plate, 
which  door  net  transmit  the  spectral  components  of  the  signal  f^ 
and  suppresses  the  carrier  frequency  component  on  the  optical  axis 
cf  the  system  -  is  Introduced.  In  plane  P^  function  f(x)  is  formed, 
which  is  superimposed  on  the  transparency  which  determines  the 
second  studied  function  g^  +  g(x  -  x^),  where  x0(t)  ir  the  space 
shift  in  the  second  transparency,  which  corresponds  to  a  time 
shift  by  quantity  t  in  the  second  studied  process.  A  product  in 
th<"  form  of  g^f(x)  +  f(x)g(x  -  xQ)  is  formed.  In  plane  P;j  we  get 
the  Fourier  transform: 


J  Hoi  (Ad  e  '"•‘<lx  j  j  /  (.v)  g  (.v  —  (2.2  2) 
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A  cylindrical  lens  integrates  only  for  one  axis.  The  slit  in  plane 
T ^  filters  out  the  spectral  components  determined  by  the  first 
tern  in  (2.22)  and  separates  the  components  of  the  second  term  when 
=  0 ,  which  corresponds  to  the  cross-correlation  function  of 
processes  f(x)  and  g(x  -  xQ) ,  i.e., 

I  I.V)  R  \x  -  .V,  (T(|  iix.  (2.2  3) 

If  r(x  -  xQ)  =  f (x  -  *q)j  then  we  get  the  autocorrelation  function. 
The  interral  of  (2.23)  corresponds  to  expression  (1.9)  for  the 
correlation  function,  but  is  obtained  by  optical  devices.  An  output 
lens  (not  shown  in  Fig.  2.15)  is  placed  behind  plane  P^,  and 
projects  the  signal  from  the  output  slit  to  the  indicator. 

Optical  devices  make  it  rather  simple  to  create  multichannel 
correlators.  In  this  case  the  transparency,  which  is  placed  in 
plane  P.^,  contains  a  large  number  of  recorded  signals,  which  are 
distributed  along  the  vertical  (along  the  y-axis).  In  detection 
systems  these  recordings  may  correspond,  for  example,  to  different 
Doppler  frequency  shifts  or  different  signal  delays.  A  flltered- 
out  light  distribution,  corresponding  to  function  f(x),  is 
projected  onto  all  of  these  signal  recordings,  i.e.,  the  product 
of  studied  signals  is  formed  in  each  channel.  The  next  lenses  form 
a  separate  integral  transform  for  each)  channel.  In  plane  the 
Images  are  focused  such  that  the  channel  division  is  preserved. 

In  optical  signal  processing  the  number  of  channels  can  be 
very  great,  which  indicates  the  promising  future  of  optical 
corre lators . 
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THIRD  CHAPTER 

CORRELATED  SYSTEMS 

■  a*  I’TIn! trior:  of  a  system  Is  a  system  I  ased  on 

■  c  1  at  I  cn  method  ,  f  r  roc-ss  I  nr  irnals.  Almost  all  radio- 
•  ■  leot ronlo  systems  process  useful  signals  In  the  presence  of 
I  nt ~rfe rense .  Ti.e  value  of  this  Interference  in  most  cases  cannot 
1  o  r  re  i I  ct  ed ,  and  thus  it  is  virtually  impossible  to  completely 
eliminate  harmful  effects .  In  radioelectronic  systems  an  attempt 
Is  :  •-■in.*  mar1  to  achieve  a  mothci  of  processing  useful  signals 
In  which  ti.e  effect  of  interference  will  be  minimal.  One  of  these 
slrnal  r  rr  ce-ss  I  nr  methods  Is  the  correlation  method. 

L“t  is  ]r  tk  at  some  examples,  of  11  fferent  types  of  correlated 

sy st -ms . 

3.1.  1  Hi  FI.  AT  MI  TFTFCTT  li  TYCTFM7 

The  ; urncse  of  any  radar  or  sonar  system  is  to  obtain 
Information  on  tine  location  of  targets  in  the  surrounding  area  and 
r.  their  current  coordinates.  This  Information  in  an  active  locatinr 
method  can  bo  o!  talnod  by  analyzing  signals  reflected  from  targets. 

The  main  purpose  rf  the  locator  is  to  determine  the  actual 
presence  of  a  target  in  a  certain  region.  In  view  of  the  random 
nature  of  inherent  noise,  the  essence  of  our  information,  obtained 
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tv  pr  cessing  an  additive  mixture  of  reflected  signals  and 
Interference,  is  the  probability  value  for  the  presence  (or  absence) 
of  a  target  In  surrounding  space. 

If  interference  is  "white"  gaussian  noise  [5,  8,  ^0],  then 
*•  i .  1  s  prot  ability  is  a  function  of  the  cross-correlation  value  of 
Integral 

r 

#(*)”  y-  J«c(/  ~.\utk(t)dt. 


wi.ere  u  (t.  -  t)  is  a  delayed  copy  of  the  prot  ing  signal;  u  (t)  is 

B  X 

additive  mixture  of  the  received  reflected  signal  and 

I  >  *  ft  i  •»  f*  ,  t  p  (  . 

fhe  receiver  w!:i  ch.  calculates  the  cross-correlation  integral 
retains  all  information  contained  in  the  received  mixture  of 
signal  and  noise.  This  type  of  optimal  receiver  can  be  achieved 
i,v  means  cf  correlators  and  coordinated  filters. 

The  delay  lines  <  r  shi  ft -register  devices  (see  §  1.3)  may 
as  the  storare  system  for  td.e  probing  signal,  which  is  the 
iaslc  el-ment  of  th<-  correlated  system.  If  the  delay  value  is 
'‘hanged,  then  different  elements  of  the  space  can  be  scanned.  The 
simultaneous  scanning  of  several  elements  is  possible  if  a  set  of 
correlators  are  used,  which  operate  with  reference  signals  of 
Afferent  delays,  i.e.,  in  a  multichannel  system. 

Another  method  which  enables  optimal  signal  reception  consists 
of  using  coordinated  filters.  The  pulse  characteristic  of  such  a 
filter  is,  coordinated  with  the  probing  signal  according  to  the 
relati unship 


h(t)  —auv(l9—t). 
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length  of  sirnal  delay  In 


wh  i  *•'  a  1 a  constant  fact. or,  tQ  - 
I'll  tor;  u  ft)  -  prohlnr  sirnal. 

V  It  are  at  the  nt  t  ut  of  the  coordinated  filter 

00 

(/)  J  «„(«)*('  s)<ls 


Is  a  fane4  ion,  which  repeats  the  cross-correlation  function 

f  *'  h  *  •  i  r  i  !  nr  s  !  rnal  and  t  processed  mixture  of  the  reflected 
sirnal  and  Interference. 

ha  r.  f  t  opt !  mal  reception  methods  has  Its  advantages  and 

t !  sadvan-ai'"  .  Th-  r- : a  1  r :  (i  1  s a  i vant are  of  correlated  systems  is  that 
4  r*  :  •  j  I  r  •  •  successive  s.  earn  i  nr  r>f  ran  re  elements;  a  simultaneous 
sv:*--o[  -  f  th>-  entire  distance  is  only  possible  with  multichannel 

si  rr.al  rr  '••ssinr.  The  basic  a  Ivan  tares  of  correlated  systems 
I  n c  1  u  i -■*  t»  -  f  2  1  ov;i nr: 

1  It  Is  :  ssitle  to  use  sipnals  which  have  a  larre  spectrum 
w  I  dt  :.-s4  eras--  t  i  rr-  pro  due4-  .  This  is  possit  le  because  storare  time 
in  a  rrela4  •  1  system  is  let^rmi ned  by  interrat  or  parameters  and 
Is  rr  4  !'■■  I  a*  it  si  rnal  d^  1  ay  . 

The  orr-- later  is  simple  as  compared  to  the  coordinated 
fl  1*  ,%r .  :::c  r<  ermplex  the  si  rnal  v;h.ich  is  used,  the  rreater 

w  I  11  r  <>  t:  ••  a  ivarrar". 

-)  I4  Is  rosslile  to  use  noise  and  pseudonoise  sirnals  whose 
sr  rue4,  i •  s.  can  i  e  varied  as  the  system  works. 

The  quality  of  detection  is  described  by  two  probabilities: 
correct  detection  D  and  false  alarm  F.  Usually  the  false  alarm 
probal ility  is  fixed  at  a  rather  low  level.  In  that  case  the 
correct  detection  probability  will  be  a  nondiminishinr  function 
of  the  parameter  q. 
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In  the  case  where  a  reflected  signal  is  detected  in  the 
presence  of  "white"  gauss! an  noise 


w!  -are  K  Is  the  energy  of  the  received  signal  and  S  is  the  spectral 
density  of  gaussian  noise. 

Tne  fossil ility  of  detection  depends  solely  on  the  ratio  of 
the  energy  of  the  useful  signal  to  the  spectral  density  of  noise 
an!  does  not  depend  on  other  signal  parameters  (for  example,  on 
s;~ctrum  width,  steepness  of  pulse,  etc.). 

In  f:r'‘  presence  of  a  large  number  of  targets  in  surrounding 
•pue-  an  !  of  intense  reflections  from  local  objects,  the  problem 
f  i!  rtinrui  sh. ing  useful  reflected  signals  from  undesirable  signals 
an.!  s-veral  useful  signals  from  one  another  is  very  important. 

i I  scriminat  icr. ,  parameter  measurement  accuracy  of  the  reflected 
signal,  and  ambiguity  of  trie  measurements  are  described  by  the 
s*ructure  of  h.e  uncertainty  function  of  the  probing  radio  signal. 

The  uncertainty  function  can  be  determined  by  different  methods: 

!nv  p. y  :  a!  i  1  i ty  method,  the  probal  ility  function,  or  by  the 

method  of  moan  square  error  [8,  30,  ^0],  For  example,  if  we  take 

2 

the  ai  solute  value  of  the  average  square  value  of  difference  e 
!  (‘‘v:een  two  complex  signals  ("reference  signal  and  signal  reflected 
fr~n  tar-get),  then  we  can  write 


< 


9 


mo  or*. 


r“  u  ( t )  is  the  reference  signal 

»e  (0  -  «„  (/)</** V  , 

wher^  u  ( t )  Is  the  complex  modulating  function. 


7  ^ 


ft* 

The  signal  u,(t  -  t)  reflected  from  the  target  differs  from 
the  stored  sirnal  !  v  a  d*-lay  of  time  t  and  a  Doppler  spectrum 
shift  by  qua  : 


M*  {I  UH{t 


.  (l.-t 


In  t : . e  expanded  form  we  can  write 


JO  30 

fd-M  (/>,  «  tt,V  £  i  ««  (/  -  t)  I*  t//  - 

*•»  39 

—  2Ro|r  <f*  ,g  JuMtO»‘M(/  t)e'  <//j 


re.  t*  s  tin  r>*al  nart  of  the  corresponding 


>■*,  4  4  *  ’  *  Q» 


7;  fir.-*-  two  terms  represent  signal  energy ;  consequently, 

nly  the  last  terra  may  serve  as  a  measure  of  the  mean  square 
"  : !  ff  -r--nce"  l  otwecn  Mi-**  r* •  fer*  no*-  signal  and  the  received  slrnal  . 
If  wo  Ignore  terrs  f  a  higher  ord*r  of  smallness  In  the  last 
term  of  the  equation,  then  we  get  an  uncertainty  function  in  the 

f*  V»"  ^ 


Ri~.  ij  dt, 

-  00 


r,  after  the  Fourier  transform  is  used, 


/j  J  (]jj  —  ft |  (If, 


::  re  d#  (f)  is  the  modulating  voltage  spectrum. 

The  shape  of  the  tody  of  uncertainty,  which  is  bounded  by 
lane  t,  f  ,  and  the  surface  corresponding  to  the  modulus  of  the 
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I ’ n  »n  <  ■  n 


uncertainty  function,  is  determined  by  the  structure  of  the  signal 
and  can  have  a  different  configuration.  The  connection  between 
the  shape  of  the  l  ody  of  uncertainty  and  the  reference  character¬ 
istics  of  the  signals  can  be  explained  as  follows.  From  a 
determination  of  the  uncertainty  function  it  follows  that  if  two 
signals  of  similar  types  must  be  discriminated,  then  their  shift 
wit:,  respect  to  x  and  f  should  be  such  that  the  uncertainty  function 
'  verts  to  zero  (or  does  not  exc™d  a  certain  given  value).  The 
presence  cf  larre  t  ursts  in  the  l  ody  of  uncertainty  in  addition 
t  the  reference  indicates  tint  signals  reflected  from  local 
objects  or  from  targets  with  a  highly  effective  reflection  area 
may  mask  the  useful  echo  signal  and,  consequently,  hinder 
di  s  '■riminati  on  . 

The  uncertainty  function  characterizes  the  accuracy  of 
measuring  range  and  function  which  a  riven  signal  can  provide. 

T.utr  greater  the  concentration  of  the  i  ody  of  uncertainty  at  the 
rigin  of  the  coordinates,  the  more  accurate  the  measurement  of 
delay  time  and  the  Doppler  shift. 

It  car.  be  shown  [8,  3 1 ,  ^ 0 1 ,  that 

a»  00 

J  J  |#g. 

‘  00  00  • 

l#<«.  "M* 

r  nsequ^nt ly  tb.e  normalized  volume  of  the  uncertainty  body 
thus  deterrnineu  is  a  constant  quantity  which  is  independent  of 
both  the  length  of  the  signal  and  of  the  law  of  modulation  of  its 
amrlltude  or  phase.  Attempts  to  compress  the  body  of  uncertainty 
by  seJ‘-cting  an  appropriate  law  of  modulation  or  signal  shape  can 
lead  either  to  a  distribution  of  the  entire  volume  in  a  thin 
layer  on  a  large  surface  or  the  appearance  of  a  series  of  additional 
peaks  on  plane  t,  f  .  For  noise  and  noise-like  signals  the  main 
spike  is  concentrated  in  the  region  f  *  t  *  0,  and  its  extension 

o 

is  approximately  equal  to  1/Af  along  axis  t  and  1/T  along  axis  f  . 
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To  as:-, ure  high  discrimination  and  measuring  accuracy  it  is 
essential  that:  the  tody  cf  uncertainty  of  the  signal  have  a  narrow 
peak  at  the  origin  of  the  coordinates,  i.e.,  the  signal  should 
have  a  sufficiently  effective  length  T  and  spectrum  width  A f . 
iiolso  signal?  of  great  duration  and  spectrum  width  and  regular 
signals  i  a  red  on  pseudorandom  sequences  have  a  body  of  uncertain";' 
with  this  type  uf  configuration.  The  magnitude  of  product  AfT  1  • 
f  great  .  ignificance  for  tiie  signal  characteristic,  and  is  called 
the  signal  base.  The  base  of  pulse  signals  which  do  not  have 
adiitio.ual  modulation  within  the  pulse  Is  a  quantity  close  to  one. 
These  signals  arc  called  simple,  anl  they  do  not  assure  high 
:  mi  ine  :  ilscriminu1  ion  with  respejt  to  delay  and  frequency. 

nr  1--X  signals,  which  ar<>  often  called  wide-band  signals, 
ar-  r.aractor !  s-d  by  a  has.  which  considerably  exceeds  one.  Tries- 
signal'  i.ave  i  m-n  widely  used  in  detection  systems  and  in  measuring 

*  me  i ' r  r i i n a '  e s  of  targets  [3^,  r0 ,  of,  7^]. 

1.  radar  fets  witi.  a  iloise  Signal 

because  .  f  their  v/i  ie  t  anu ,  constant  emission,  and  random 
nature ,  nd  so  signals  hav<-  an  uncertainty  fanction  which  approaches 
i  I  ieal  .  This  assures  sati.  factory  noise  locator  ciiaracteri  sties . 
F'lm g.ers.c  r-e  ,  noise  locator,  can  w  -  rk  under  a  low  signal/interference 
ratio  a1-  tm-  r-  c-  i  v^r  input. 

in  oru-r  to  ietec4  a  signal  reflected  from  a  target  against 
*!."  i  ackiT'.u.n  i  f  int^rforenc*-*  or  to  determine  the  distance  tc  a 

•  arg'-t  or  trie  velocity  of  the  target  ,  noire  radar  sets,  employ 
the  correlation  processing  method  or  its  variations.  -  the 
"antic  rrolat  Ion  method "  and  the  mg*  the  i  of  beats. 

Figure  3.1  shows,  a  !  lock  diagram  of  a  noise  radar  set  used 
for  the  correlated  processing,  method.  Voltage  from  the  source  of 
wide-band  noise  1  (a  pseudorandom  pulse  train  generator  can  also 
be  used)  enters  linear  filter  2,  which  forms  a  random  process 
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FI  g.  3.1.  Block  diagram  of 
correlated  raqiar  set  with  noise 
signal:  1  -  wide-band  noise 

source;  2  -  linear  filter;  3, 

8  -  transformers;  ^  -  power 
amplifier;  5  -  delay  block;  6  - 
heterodyne;  7  -  low-noise 
amplifier  of  receiver;  9  - 
multiplier;  10  -  narrow-band 
filter;  11  -  gate. 


with  an  autocorrelation  function  corresponding  to  a  given 
discrimination.  The  formed  signal  enters  transformer  3  and  is 
transformed  by  means  of  the  high-frequency  harmonic  voltage  of 
heterodyne  C  into  the  range  of  working  frequencies.  After 
amplification  and  power  amplifier  4  the  signal  enters  the  trans¬ 
mitting  antenna  and  is  emitted.  The  signal  which  is  selected  from 
the  target  passes  through  low-noise  amplifier  7  and  enters 
transformer  p.  In  order  to  achieve  cross-correlation  processing 
the  modulating  noise  signal  from  the  output  of  block  2  is  delayed 
in  i  lock  “3  l  y  time  rf)  and  enters  the  input  of  multiplier  9.  The 
signal  which  has  been  received  and  transformed  enters  the  second 
input  of  this  multiplier  together  with  the  inherent  noise  of  the 
receiving  channel.  The  product  of  the  signals  is  averaged  by 
narrow-band  filter  10  and  is  compared  in  Mock  11  to  the  threshold. 

If  a  stationary  target  is  located  at  a  range  corresponding  to  a 
delay  t  which  is  close  to  tq,  then  the  voltage  at  the  output  of 
block  10  will  have  a  value  which  is  close  to  the  maximal.  When  a 
corresponding  threshold  is  selected,  this  will  trigger  block  11. 

'When  t  has  a  value  which  differs  from  t r.  by  more  than  the  correlation 
time  at  the  output  of  multiplier  9  there  will  be  no  voltage 
overshoot,  even  If  there  is  a  reflected  signal.  In  the  case  of  a 
single-channel  system  the  correlated  locator  must  scan  range 
elements  in  succession.  In  this  case  total  scanning  time  may  be 
very  great.  The  multichannel  set  is  required  to  reduce  this  time. 
Here  the  number  of  multipliers  and  successive  filtration  blocks 
should  be  the  same  as  the  number  of  range  elements  scanned 
simultaneously.  Thus,  the  arrangement  of  trie  set  becomes  complex. 
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in  order  to  select  the  velocity  of  the  target  block  10  must 
contain  a  set  of  narrow-band  filters  whose  central  frequencies  are 
shifted  to  the  Doppler  frequency  discrimination  interval.  The 
number  of  filters  is  determined  by  the  discrimination  Interval 
and  t  y  the  entire  ranre  of  central  frequency  shifts  in  the 
reflected  signal  due  to  the  Doppler'  effect. 

The  use  of  a  difference  frequency  correlator  in  a  noise  ra  ia 
set  makes  It  possible  to  improve  the  actual  response  and  to  select 
t arrets  which  lie  at  equal  distances  from  the  set  and  are  the  same 
in.  sloe,  i  ut  have  radio  velocities  of  opposite  directions.  Tc 
achieve  tills  re  rime  reference  voltages  of  different  frequencies 
must  re  conducted  to  t locks  3  an J  6  and  the  adjustment  of  the 
filters  in  l  lock  10  must  le  changed. 

The  work  of  the  r;  <  !  re  locator  in  a  constant  emission  node 
oi*  in  detect! nr  nearby  targets  is  rather  complex.  Tn  the  case  of 
4  .e  constant  emission  mode  the  emitted  signal  component  enters  the 
receiver.  The  intensity  of  this,  component  ,  even  with  the  most 
car*-ful  separation  between  transmitter  and  receiver  channels, 
cor.si derabr.:  exceeds  the  signal' reflected  from  the  target.  In 
work  ! .ovol  vi nr  nearby  t  arrets  ,  penetrating  emissions  may  correlate 
wit:,  tine  reference  v It age  in  the  receiver. 

Dome  modi fi cat  ions  of  the  correlated  locator  make  it  possible 
to  decrease  the  effect  of  the  emitted  signal  which  penetrates  the 
receiver;  such  modi fi cations  include  the  "anticorrelation" 
receiver  and  the  "beats"  method  [771. 

Tn  the  "ant i correlat i on"  noise  radar  set  the  signal  is 
pr  c«ssed  as  follows.  A  mixture  of  the  received  signal,  noise, 
and  the  reference  oscillation  (part  of  the  emitted  signal  serves 
in  this  role)  enter  the  input  of  the  subtracting  device.  The 
obtained  difference  is  squared  and  integrated.  The  following 
voltage  is  formed  at  a  output  of  the  Integrator: 
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u  T)  -  A  f  Jht  (/)  kuc  </  - 1,)  -  ulu  (OP  dt; 

6 

whore  A  is  a  constant;  k  -  ratio  of  the  power  of  the  received 
signal  to  reference  voltage  power;  u  (t  -  tq),  u  (f)  -  received 
signal  and  noise  of  receiver,  respectively. 

If  noise  lias  a  lew  intensity  and  the  correlation  time  of  the 
proi  inr  signal  is  much  smaller  than  integration  time,  then  we  get 
approximately 


2k  Rr  (t«)]. 


ut: put  voltage  depends  not  only  on  delay  Tn  but  also  on  signal 
attenuation.  If  we  assume  that  k  =  1,  we  get 


M(lg)  /?f(T0)J. 


V.'Ith  an  accuracy  up  to  a  constant  factor  this  expression  represents 
fulfillment  of  the  autocorrelation  function  of  the  signal  up  to 
i^s  maximal  value.  Tie  appropriate  power  spectrum  and  bandwidth 
for  the  noise  signal  can  be  selected  ly  the  unique  determination 
■  f  distance  directly  from  the  value  of  the  output  voltage,  which 
makes  it  possible  to  do  without  the  controlled  delay  line.  The 
lepe.ndence  of  output  voltage  on  reflected  signal  intensity  can  be 
eliminated  if  the  probing  signal  Is  shaped  by  modulating  frequency 
according  •.  o  the  random  law. 

A  variation  of  the  correlation  processing  method  is  the 
!  eats  method.  In  order  to  determine  the  range  and  velocity  of  the 
target  beats  are  formed  in  the  receiver  between  the  received  and 
emitted  signals,  which  are  compared  with  "local"  beats,  formed  by 
a  special  system.  If  the  signal  cos  [ 2tt f Qt  +  <J>(t)]  is  emitted, 
then  the  received  signals  v/ill  have  the  form  of 


cos(2n/„(/— To)  — 2.i/s/  +  q  (/-  To)], 
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where  f  is  the  Doppler  frequency  change. 

At  the  mixer  output,  to  which  the  emitted  and  received  signal:; 
are  conducted,  we  obtain  in  the  difference  frequency  range  the 
so-called  "received"  beats 

cosf  njj  +  2i/,,Ti)+q  (/)— <fYA— to)]. 

A  special  system  forms  "local"  beats,  which  are  described  by  the 
funct i on 


cos[q(7)— «f(/— t)J. 

where  t  is  the  delay  time  of  the  reference  voltage  relative  to  the 
emitted  signal  in  the  "local"  ! eat  shaping  systems. 

In  mixing  "local"  and  "received"  beats  we  get 


c  osJ2 afgt  f  d  <j  (/  -t)  — <( (/ — r..>). 


From  this  expression  It  fellows  that  in  the  general  case 
■utrut  volta-e  is  a  mixture  of  a  harmonic  signal  of  Doppler 
frequency  and  random  noise.  When  t  =  t  the  output  signal  becomes 
purely  harmonic,  which  makes  it  possible  to  determine  delay  and 
Doppler  frequency  f „ . 

t 

2.  Radar  station  with  Pseudonoise 
Signal 

The  use  of  a  pseudonoise  signal  in  correlated  locators  is 
interesting  primarily  because  of  the  fact  that  it  is  easier  to 
generate  and  delay  this  signal  than  a  noise  signal  [60,  79]. 

Figure  3.2  shows  a  simplified  diagram  of  a  continuous-wave  short- 
range  radar  which  uses  an  m-sequence  generator  to  shape  the  probing 
signal.  The  set  is  based  on  the  "beats"  method,  which  was  discussed 
in  the  preceding  section. 
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raiar  set  with  pseudorandom  sig¬ 
nal  :  1  -  harmonic  SHF  generator; 

2  -  SHF  modulator;  3  -  circula¬ 
tor;  >\  -  antenna;  5  -  pseudoran¬ 
dom  signal  generator;  6  -  delay 
block;  7  -  device  for  shaping 
"local"  teats;  8  -  mixer  of 
receiver;  ^  -  correlator;  10  - 
narrow-hand  lew- frequency  filter; 
11  -  rate. 


shaped  signal  is  conducted  to  ante 


The  pseudorandom  video 
signal  from  generator  5  enters 
the  superhigh  frequency  (SHF) 
modulator  (block  2).  The 
harmonic  oscillation  from 
the  SHF  generator  (block  1) 
is  supplied  to  the  second 
input  of  the  modulator.  At 
the  output  of  the  modulator 
2  a  phase-manipulated  signal 
is  shaped.  The  oscillation 
phase  jumps  by  i\  according  to 
the  law  of  a  pseudorandom 
train.  Through  circulator  3, 
which  divides  the  transmitter 
and  receiver  channels,  the 
A  and  is  emitted. 


The  signal  which  is  reflected  from  the  target  passes  from  the 
antenna  through  circulator  3  and  er  ers  tne  balance  mixer  of 
receiver  3.  Part  of  the  emitted  signal  is  conducted  to  the  second 
input  of  the  balance  mixer.  Let  us  designate  S^  as  the  pseudorandom 
sequence  which  determines  the  modulation  of  the  emitted  signal.  The 
received  signal  is  modulated  by  pseudorandom  sequence  Sn,  which 
differs  from  modulating  sequence  r y  a  shift  in  the  propagation 
time  of  the  radiowave  to  the  target  and  back. 

At  the  output  of  the  balance  mixer  a  pseudorandom  signal 
will  he  obtained  which  varies  according  to  the  law  of  the  pseudo¬ 
random  sequence  C ,  =  3 ^  ©S  n .  The  sum  of  the  two  m-sequences  of  a 
given  polynomial  will  also  be  an  m-sequence  of  the  same  polynomial, 

!  ut  with  a  time  shift  different  from  3n  (see  §  1.3).  The  obtained 
beats  are  compared  with  "local  beats,"  formed  by  adding  sequence 
S1  with  the  sequence  corresponding  to  the  expected  propagation 
time  of  radio  waves  SQ.  Formed  and  "local  beats"  are  conducted 
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i  i  correlator  9.  When  the  expected  and  actual  delays  are  equal, 
voltage  at  the  correlator  output  Is  maximal  in  magnitude  and 
changes  In  time  according  to  the  harmonic  law  with  a  frequency 
equal  to  the  Doppler  change  in  the  frequency  of  the  emitted  signal. 
To  reduce  scanning  time  parallel  analysis  of  the  signal  with 
respect  to  time  (distance)  as  well  as  frequency  (velocity)  is 
necessary,  i.e.,  arranging  the  set  according  to  the  multichannel 
s 7  stem. 


; .  Generalised  Block  Diagram  of 
Correlated  Detection  System 


Different  correlated  detection  systems  can  be  represented 

ar prex ! mat ely  by  the  block  diagram  shown  in  Fig.  3.3.  The 

filtration  and  transforma¬ 
tion  devices  in  actual  sets 
can  be  divided  into  two 
groups:  1)  devices  which 

have  the  sane  effect  on  both 
the  emitted  signal  and  on 
stored  reference  voltage; 

2)  devices  which  affect 
only  the  probing  signal  or 
only  the  stored  reference 
voltage.  Devices  of  the 
first  type  in  an  equivalent 
system  belong  to  general 


Fig.  2.3*  Generalized  scheme  of 
correlated  detection  system: 


u 


-  source  of  noise  or  noise-like 


signal ;  Cg  -  filter  in  general 
channel;  Cm  -  filter  in  correlator 
channel;  -  filter  in  reference 

c. 

voltare  channel;  $  -  filter  in 

transmitter;  T  -  filter  in 

receiver;  $  -  filter  which  con- 

’  a 

aiders  signal  transformation 
during  propagation;  H  -  correlator; 
li  -  source  of  extraneous  inter¬ 
ference  and  internal  noise  of 
receiver. 


filter  This  includes 

primarily  filters  in  the 
signal  generator  block. 
Devices  of  the  second  type 
are  represented  in  the 
equivalent  system  in  the 
correlator  channels  $  , 


includes  the 


Filter 

devices  contained  in  the  transmitter  and  receiver  (before  the 
correlator)  as  well  as  signal  transformations  occurring  in  radio 


wave  propagation  to  and  from  the  target  and  during  reflection. 
Filter  rS0  includes  devices  contained  in  the  reference  signal 
channel . 

^.2.  PASSIVF  CORRELATED  MEASURING 


In  a  number  of  cases  the  correlated  system  does  not  have 
enittel  and  reference  signals.  The  action  of  the  system  is  based 
on  analyzing  and  measuring  the  characteristics  of  a  signal  created 
by  an  outside  source.  In  this  case  the  outside  signal,  which 
enters  the  correlator  together  with  interference  along  one  of  the 
system  channels,  serves  as  reference  voltage.  These  conditions 

c c u r ,  for  example,  in  radar  [3U]  in  measuring  fluctuations  in 
0 i F  Instruments  [?6],  in  passive  radar,  etc.  Systems  of  this  type 
will  be  called  passive  correlated  systems,  which  emphasizes  the 
fact  that  these  s;  stems  do  not  emit. 

The  most  general  example  of  a  passive  correlated  system  is 
the  correlated  radiometer  whose  block  diagram  is  shown  in  Fig.  3.^. 
The  radiometer  receives  emission  along  two  independent  channels. 

The  internal  noise  of  the  receiving  channels  is  not  correlated. 

I.1 1 r‘  voltages  of  signals  received  by  each  channel  are  created  by 
one  source  and  arc-  strongly  correlated.  Under  these  conditions 
multiplication  of  internal  noise  creates  only  a  fluctuating  voltage 
c  mponent  at  the  output,  while  multiplication  of  input  signals 
create  along  with  the  fluctuating  component  a  regular  voltage 

■  mponent,  which  is  proportional  to  the  value  of  the  cross- 
correlation  function  of  the  input  signals.  Signals  from  a  common 

■  jrce  can  enter  the  channels  of  the  radiometer  by  being  propagated 
ol^ng  practically  the  same  path  or  along  two  completely  different 
paths.  In  the  second  case  one  of  the  radiometer  channels  should 
contain  the  delay  line.  The  value  of  the  output  voltage,  which  is 
proportional  to  the  maximal  value  of  the  cross-correlation  function, 
can  be  established  by  changing  the  delay  value.  Under  these 
conditions  the  coordinates  of  the  radio  emission  source  can  be 


determined  if  we  know  the  magnitude  of  delay  and  the  position  of 

To  increase  the  response 
of  the  radiometer  a  different 
frequency  correlator  should 
be  used.  In  this  case  the 
spectrum  of  the  input  signal 
ir.  one  of  the  channels 
receives  an  additional 
frequency  shift.  Useful 
output  voltage  will  be 
separated  on  a  frequency 
equal  to  the  frequency  shift; 
v  It  a.--'  amplitude  will  I  o  proportional  to  the  envelope  value  of 
tie*  correlation  function.  The  averaging  filter  at  the  correlator 
civ  i  u*-  si.  uld  1  e  a  ;  ar.d-pars  filter  witli  a  central  frequency  equal 
t  r  the  fr*~  |uene*'  shift. 

To  increase  the  response  <■  f  the  radiometer  and  decrease  false 
t r ! rg^rlng  we  must  have  a  good  separation  between  channels.  The 
fa o4  is  that  tiie  penetration  of  internal  noise  from  one  channel 
into  the  other  will  be  registered  at  the  radiometer  output  as  a 
s ignal . 


sue  radiometer  antenna0  in  space, 
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Fig.  1.4.  Flock  diagram  of 
correlated  radiometer:  1  -  high- 
frequency  amplifier;  2  -  mixer; 

1  -  heterodyne;  4  -  intermediate 
frequency  mixer;  F  -  multiplier; 
o  -  filter;  7  -  register. 


In  correlated  radiometers,  in  place  of  the  usual  analog 
c  rrelators,  functional  correlators,  for  example,  a  polarity 
coincidence  correlator  (see  §  2.1),  can  be  used.  The  polarity 
c  incidence  correlator  contains  limiters  in  each  channel.  Oscilla¬ 
tions  from  the  radiometer  receivers  enter  the  inputs  of  these 
limiters.  The  output  voltages  of  the  limiters  are  conducted  to 
the  multiplier,  whose  response  is  averaged  by  means  of  a  low- 
frequency  filter.  If  limiting  is  sufficiently  effective,  then  in 
place  of  an  analog  multiplication  operation  we  can  use  logic 
multiplication,  which  is  convenient  when  digital  processing  is  used 


I 


r 


As  a  result  of  the  limiting  of  input  oscillations,  which  is  done 
in  the  polarity  coincidence  correlator,  the  response  statistics 
of  the  device  in  the  absence  of  a  useful  input  signal  are 
determined  solely  by  the  statistics  of  interception  by  input 
oscillations  of  a  certain  level  (most  frequently  zero).  If  the 
pr  bal  ill  ty  distribution  density  of  processes  at  the  outputs  of 
!  tii  channels  are  symmetrical  with  respect  to  the  Y-axis,  then  the 
level  of  false  alarms  will  not  depend  on  the  probability  distribu¬ 
tion  density  of  noise  values  [67].  In  almost  all  cases  the  noise 
cta'istics  correspond  to  these  conditions,  and  thus  the  level  of 
false  alarms  in  a  correlated  radiometer  containing  a  polarity 
coincidence  correlator  does  not  depend  on  the  power  of  internal 
noise.  The  noise  of  the  receiving  part  of  the  correlated  radiometer 
has  a  nonstationary  nature  (due  to  the  rotation  of  the  antennas, 
fluctuation  of  amplifier  coefficients,  etc.),  and  thus  the 
advantage  noted  above,  which  can  be  gained  by  using  a  polarity 

Figure  3.5  shows  a 
generalized  block  diagram  of 
a  correlated  radiometer. 

The  system  contains  only 
filters  in  correlator  channels 
and  •  The  system  does 
not  contain  general  filter 
,  whose  parameter  selection 
would  affect  detection 
characteristics  and  measuring. 


One  factor  hindering  radio  communications  (particularly 
short-wave)  is  the  multibeam  propagation  of  radio  waves.  Here  the 
transmitter  signal  arrives  at  the  reception  point  along  different 
propagation  paths.  Interference  from  signals  with  different  beams 


coincidence  correlator,  is  useful. 


Fig.  3-5.  Generalized  correlated 
radiometer  system. 


3.3.  ANTIFADING  COMMUNICATIONS 


on  the  reception  side  leads  to  fading.  Attempts  to  reduce  the 
effect  of  signal  i nterference  have  led  to  the  development  of 
Information  transmission  methods  in  which  complex  signals  and 
correlated  pr  cessing  methods  are  used. 

Time  diserimi nation  of  complex  signals  in  correlated  recent  1 ' • 
can  io  used  successfully  to  increase  the  effectiveness  of  multibeo:.. 
c  mmuni cations  channels.  If  we  consider  the  fact  that  the  width 
of  the  correlation  function  of  the  signal  is  inversely  proportional 
to  the  width  of  the  spectrum,  then  for  a  complex  signal  (AfT  >>  1) 

W<-*  ret. 

TKr"  -Jf  T, 

i.e.,  tne  correlation  function  is  considerably  shorter  than 
information  transmission  T.  At  the  output  of  the  optimal  recei vinr 
system  there  Is  a  time  compression  in  the  signal.  In  usinr  complex 
sirnals  it  Is  possible  to  completely  separate  time-overlapping 
sirnal:  ,  if  the  difference  in  arrival  time  of  the  various  informa¬ 
lly  n  transmissions  is  Treater  than  the  width  of  the  compressed 
■irnals.  This  is  the  basis  of  usinr  complex  sirnals  in  communication 
•r  annels  which  have  multiloam  prop  agation.  The  discrimination  of 
4  ‘  rn*  -overlapp  inr  sirnals  makes  it  theoretically  possible  to  divide 
the  sum  multi bo am  sirnal  arriving  at  a  reception  point  into  indi¬ 
vidual  beam-signals,  which  travel  along  each  of  the  propagation 
routes.  The  separation  of  beams  is  complete  if  the  correlation 
time  of  the  signal  is  less  than  the  least  difference  in  propagation 
times  of  s irnal-beams .  In  the  case  of  a  greater  number  of  I  earns 
the  division  is  considered  sufficient  if  the  fading  of  each 
separated  beam  becomes  small,  i.e.,  the  mixing  effect  of  the  fading 
will  not  to  greater  than  the  effect  of  additive  fluctuation  noise. 

In  separating  beams  it  is  theoretically  possible  to  add  the 
energy  of  the  beams  (not  vector  addition,  as  in  ordinary  systems). 
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beam  separation  enables  measuring  the  main  parameters  of  each 
cf  the  propagation  paths  of  the  signal.  The  results  of  the 
measurements  can  be  used  to  create  a  self-adapting  signal  reception 

system. 

Dependable  reception  of  wide-band  signals  is  possible  when 
the  power  at  the  reception  point  is  considerably  less  than  noise 
power.  Let  us  look  at  the  dependence  of  the  signal/noise  ratio  at 
the  output  of  an  optimal  system  for  processing  complex  signals  on 
the  input  signal/noise  ratio: 

P:'  =  P?T  =  |  o/r 

c  w '  5" 

wher*j  .If,  T  represent  the  effective  width  of  the  spectrum  and 
length  of  the  complex  signal;  S  -  spectral  density  of  interference 
r  we  r . 

The  quantity  2E/S  is  the  peak  ratio  of  signal  power  to  noise 
power  at  the  output  of  the  optimal  system.  Hence, 


P "  __  | 

ph\  p««  ' 

r  III  r  III 

Thus,  if  the  base  of  the  complex  signal  is  sufficiently  great, 
transmission  and  dependable  signal  reception  can  be  achieved.  The 
power  of  the  signal  will  be  considerably  less  than  that  of  internal 
noise  or  acting  interference.  This  fact  is  important  if  we  want 
t!  communications  systems  to  he  electromagnet ically  compatible 
and  concealed. 

There  are  many  methods  of  creating  correlation  communications 
systems  designed  to  operate  with  wide-band  signals.  We  might 
single  out  two  main  types.  Systems  of  the  first  type  are  based  on 
the  use  of  a  group  of  wide-band  signals.  Corresponding  to  each 


88 


In'* nilPwi»idlni««i'»nil.fc  iwmi .lAu 


— .  .  .. 


signal  or  combination  of  signals  is  a  certain  communication.  System 
of  the  second  type  are  based  on  the  use  of  one  wide-band  signal, 
which  represents  the  carrier  oscillation.  In  order  to  transmit 
Information  the  noise-like  carrier  oscillation  is  modulated  by  the 
usual  modulation  method  (AM,  FM,  PM,  changing  t,  etc.). 

The  signals  used  in  systems  of  the  first  type  should  have  ti 
necessary  correlation  properties.  A  coding  sequence  assembly 
should  ie  used  in  which,  first,  cross, -correlat  1  on  between  any  pair 
of  sequences  would  lie  as  small  as  possible  and,  second,  the 
autocorrelation  function  would  not  have  significant  lateral  spikes. 

I i fferent  methods  of  creating  and  shaping  such  code  sequence 
groups  have  Keen  suggested.  Noise  signals  and  regular  signals  which 
f  llow  definite  laws  can  be  used  in  such  sequences.  Shift  register 
sequences  cf  maximal  length  are  widely  used  because  they  are  easy 
to  generate,  can  be  independently  reproduced  on  the  transmitting 
and  receiving  sides,  and  are  not  difficult  to  synchronize  (see 
5  1.3). 


In  systems  of  the  second  type  wide-band  signals  of  different 
types  are  u-ed  as  the  carrier  oscillation.  It  is  necessary  only 
that  the  additional  peaks  of  the  correlation  function  for  these 
signals  te  small.  Otherwise  false  information  could  result. 

The  correlation  approach  of  wid<  -ignals  in  communications 

systems  can  be  achieved  if  the  follov  iitions  are  fulfilled: 

1)  possibility  of  independent  reprodu  f  code  transmissions 

on  receiving  side;  2)  possibility  of  synchronising  code  generators 
on  transmitting  and  receiving  side.  A  deviation  from  the  above- 
mentioned  conditions  results  in  distortion  and  a  decline  in  noise 
stab i lity . 

Let  us  examine  a  simplified  block  diagram  of  a  communications 
system  of  the  first  type  (Fig.  3.6).  On  the  transmitting  side 
coder  of  the  selected  group  of  signals  are  generated.  Depending 
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Fir.  3.6.  Block  diagram  of 

communications  systems  with 

noise-like  signals:  1,  ...  1 

1  n 

reneratorr  for  complex  noise-like 
signals;  2  -  manipulator;  3  - 
transmitters;  A  -  communications 
source;  r>  -  synchronization;  r  - 
amplifier;  7-j  ...  7  -  corre¬ 
lators;  a.  ...  2  -  generators 

’1  n 

for  complex  signals;  Q  -  resolu¬ 
tion. 


malar  voltage  component  appears, 
at  the  correlator  output  there  will 
resolution  ievice  must  decipher  the 
of  a  received  mixture  of  signal  and 


on  the  type  of  communications 
transmitted",  the  manipulator 
switches  in  an  appropriate 
code  generator  or  group  of 
generators  to  the  transmitter. 
On  the  receiving  side  of  the 
set,  after  transformation  in 
the  high-frequency  blocks, 
the  signal  enters  the  corre¬ 
lators.  A  reference  signal 
Is  fed  to  each  of  the 
correlators  from  an  appropriat 
code  generator.  At  the 
correlator  output ,  where 
correlation  exists  between 
the  input  and  reference 
signals,  the  peak  of  the 
In  the  absence  of  correlation 
only  be  noise  voltage.  The 
transmission  based  on  analysis 
noise . 


The  final  value  of  the  cross-correlation  function  between 
code  sequences  leads  to  specific  noise,  which  is  called  the  noise 
of  nonorthogonality.  The  effect  of  the  Indicated  noises  is 
particularly  great  when  the  useful  signal  Is  received  against  a 
background  of  a  large  number  of  other  signals  belonging  to  the 
same  code  group.  The  second  factor  which  results  in  decreased 
working  efficiency  of  the  communications  system  is  a  disturbance 
in  the  synchronous  operation  of  code  sequence  generators  on  the 
transmitting  and  receiving  sides. 


Let  us  examine  a  simplified  block  diagram  of  a  communications 
system  of  the  second  type,  intended  for  transmitting  analog 
Information  (Fig.  3.7).  A  noise  or  a  pseudonoise  carrier,  obtained 
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Fig.  3.7.  Simplified  i lock  diagram 
of  correlation  communications  system 
wit),  pseudorandom  carrier:  1  - 
source  of  communications;  2  -  modu¬ 
lator;  3  -  complex  signal  generator; 
•'*  -  transmitter;  r>  -  hi  gh-f  requency 
receiver  block;  (  -  correlator;  7  - 
complex  signal  generator;  8  -  system 
adjustment  device;  9  -  resolution. 


:y  f  a  c  rr.pl  ox  signal  generator,  carries  the  communication . 

r  ivi*  *  c  t  ranrm! +  information  the  noise-like  carrier  oscillation 
i  '  man  i  pul  •gun:  r  r*.  iulat--  i  i  y  means  of  standard  modulatinr 

•  •  t:  o  is  ( nl  ,  Y’A ,  }  -tc.  ) .  If  a  noise  generator  is  used  in  the 

*  ran:1 Slitter ,  t!sn  at  the  reception  point  an  additional  reference 
signal  must  i  ••  transmitted.  This  complicates  the  device  and 
generally  tv.x  identical  psoudonoise  signal  generators  are  used  in 
such  communications  systems  in  the  transmitter  and  receiver.  These 
generate  identical,  periodically  related  complex  determined 
signal.;.  In  this  case  rigid  synchronization  of  these  generators 

is  re  paired  an  i  can  be  accomplished  either  by  transmitting  a 
synchronising  oscillation  through  a  separate  channel  or  by  using 
special  ceding  methods. 


The  system  can  also  b*»  designed  so  that  the  transmitter 
entrains  only  one  wlde-land  signal  generator,  for  example,  a  noise 
r-  r.erator,  and  the  emitted  signal  then  represents  the  sum  of  two 
signals  -  the  signal  at  tne  generator  output  and  the  same  signal 
d*  layed  by  time  t  ( t ) .  The  magnitude  of  delay  depends  on  informa¬ 
tion  concerning  the  communications  being  transmitted,  i.e.,  delay 
modulation  is  performed.  On  the  receiving  side  of  the  system  there 
is  autocorrelated  reception  of  the  signal,  i.e.,  there  is  no  wide¬ 
band  reference  signal  in  the  receiver. 


>1 


Figure  3-8  shows  a  generalized  scheme  for  a  correlated 
communications  system.  The  system  contains  two  synchronized 
signal  sources  -  in  the  receiver  and  transmitter,  respectl  vp V. 

If  we  assume  that  ideal  synchronization  of  signal  sources  i 
present,  then  the  block  diagram  can  he  represented  in  the  form 
shown  in  Fig.  33,  where  the  filter  transmission  coefficient 
is  equal  to  one  The  source  of  the  communication  is  not  shown  in 
Fig  3.8.  It  is  assumed  that  the  generator  of  signal  was 
selected  according  to  the  communication  being  transmitted,  while 
on  the  receiving  side  only  the  generator  whose  signal  is  correlated 
with  the  transmitted  signal  Is  working. 


Fig  3  8.  Generalized  scheme  f  correlated 
communications  system  ,  C?  complex  sig¬ 

nal  generators  in  transmitter  and  receiver; 

3-j  ,  -•  filters  in  correlator  channels;  K  - 

correlator,  T  filter  in  transmitter;  ft  - 

’  n  ’a 

filter  which  considers  distortion  in  signal 
during  propagation,  ft  filter  in  receiver; 

111^  ,  1^2  -  source  of  noise  m  receiving  channel 

and  in  synchronization  channel 

3.J>.  CORRELATED  MEASURING  COMPLEXES 

The  cosmic  radioengineering  complexes  of  [2,  64]  might  serve 
as  examples  of  correlated  measuring  complexes.  The  basic  problems 
which  can  be  resolved  by  means  of  cosmic  complexes  include  the 
following:  1)  measuring  the  coordinates  and  velocity  of  a  cosmic 

target,  2)  transmitting  telemetric  information  to  earth;  3) 
transmitting  a  control  command.  The  solution  to  these  problems 
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can  t e  obtained  by  means  of  a  modern  radioengineering  complex 
system.  Such  a  combination  makes  it  necessary  to*  use  special 
signals.  Let  us  dwell  briefly  on  certain  peculiarities  in  solvinr 
just  the  first  problem  of  those  mentioned  above.  Measuring  the 
movement  parameters  of  a  space  vehicle  is  reduced  to  measuring 
range,  rate  of  movement,  and  angular  coordinates.  The  distance 
from  the  ground  station  to  the  space  vehicle  can  be  determined  by 
measuring  the  propagation  time  of  the  radio  signal.  At  great 
distances  the  power  of  the  reflected  signals  is  extremely  small 
and  can  be  considerably  less  than  the  power  of  the  self-noise  of 
the  receiver.  Thus,  to  assure  steady  reception,  the  signal  should 
have  high  energy ,  i.e.,  the  average  permissible  power  should  be 
of  great  duration.  Furthermore,  to  eliminate  uncertainty  in 
measuring  the  propagation  time  it  is  desirable  that  the  period  of 
the  probing  signal  be  greater  than  the  propagation  time  to  maximal 
range.  The  pseudorandom  sequences  and  phase-manipulated  signals 
obtained  from  them,  which  were  discussed  above  (see  §  1.3),  have 
the  indicated  properties. 

The  reflected  signal  is  correlated  with  the  copy  of  the 
emitted  signal  which  is  in  the  receiver  (reference  signal).  Since 
‘die  generated  sequence  can  be  very  long,  the  main  problem  becomes 
one  of  synchronizing  the  reference  signal  with  the  received  signal. 
To  assure  synchronization  a  step  correlation  method  can  be  used, 
which  consists  of  the  following.  A  certain  phase  of  the  reference 
sequence  is  selected  (i.e.,  the  work  of  the  shift  register  which 
forms  the  reference  sequence  leg!  ns  when  the  cells  are  In  a  certain 
state)  and  is  determined  by  the  presence  of  correlation  between  the 
reflected  and  reference  signals.  In  the  absence  of  correlation 
the  next  value  of  the  reference  signal  phase  is  tested,  etc.  The 
number  of  tests  necessary  to  assure  synchronization  in  the  studied 
signals  may  be  equal  to  the  number  of  symbols  in  the  sequence,  i.e., 
may  be  extremely  great.  Storage  time  in  analyzing  each  test  can 
also  be  gr^at .  The  step  correlation  method  may  prove  unsuitable 
jecause  of  the  great  amount  of  time  required  to  establish  synchro¬ 
nization  between  the  signals. 


At  the  same  time  from  the  standpoint  of  the  theory  of 
information  for  assuring  signal  synchronizat ion  we  need  log^N 
tests.  It  is  possible  to  approach  this  limit  by  using  combined 
sequences  (distance-measuring  codes)  to  create  an  emitted  signal 
(see  §  1.3).  The  combined  sequences  are  formed  of  several  m- 
sequences  by  means  of  logic  opeiatlons.  The  autocorrelation 
function  of  distance-measuring  codes  has  several  peaks  of  different 
sizes,  which  are  used  to  determine  the  phase  of  each  of  the 
components  in  the  combined  sequence.  The  order  of  operations  may, 
for  example,  ie  as  follows.  The  received  signal  is  compared  with 
~ne  of  the  component  short  sequences  and  a  phase  is  established 
which  corresponds  io  maximal  correlation  (if  this  occurs).  Then, 
comparison  i-  made  with  another  componer1'  sequence,  etc.  The 
successive  steps  assure  synchronization  retween  the  received  and 
reference  signal.  .  The  maximal  value  of  the  correlation  function 
corresnonds  *"0  complete  synchronization.  This  comparison  procedure 
which  is  done  by  means  of  combined  codes,  enables  us  to  synchronize 
signals  after  fewer  tests  than  would  be  required  in  step 
correla4"  i on . 

ne  of  the  stages  in  this  successive  comparison  of  signals 
is  that  cf  determining  the  frequency  of  the  reflected  signal  and 
measuring  its  Foppler  shift.  To  facilitate  the  signal  comparison 
procedure  a  rigid  relationship  is  established  between  the  carrier 
frequency  of  the  emitted  radio  signal  and  the  clock  frequency  of 
t i . *  pseudorandom  code  T  Ji]« 

determining  the  angular  coordinates  of  an  object  in  space 
!.:  done  by  means,  f  either  one  multi  beam  antenna  or  by  the  inter¬ 
ferometric  method.  The  work  of  the  interferometer  is  based  on 
measuring  the  difference  In  arrival  time  of  signals  from  an  object 
in  space  receiver!  by  t.h*  main  set  and  by  two  additional  sets 
located  a  position  distance  from  the  main  set.  As  an  example 
Fig.  3.0  shows  the  1  lock  diagram  of  a  correlated  measuring  system 
[6^].  The  master  radar  station  emits  a  signal  for  which  the 
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Fir  3*9.  Block  diagram  of 
correlated  complex  for  measuring 
ori  it  parameters:  1  -  master 
radar  station;  2,  3  -  slave  radar 
stations,  h  -  space  vehicle; 

-  synchronization  line. 


combined  pseudorandom 
sequence  selves  as  the 
modulating  voltage.  The 
space  target  re-emits  the 
received  signal  from  the 
ground  station.  The  answcn 
signal  is  captured  by  the 
receiving  antennas  of  the 
master  station  and  the  slave 
stations.  The  tracking 
discriminator  of  the  master 


station  constantly  tracks  the  delay  in  the  received  signal  and 
calculates  the  distance  to  the  target  and  the  target’s  velocity. 
By  means  of  the  tracking  discriminators  of  the  slave  stations  the 
difference  between  delays  in  the  arrival  of  the  answer  signal  at 
the  master  station  in  each  of  the  slave  stations  is  calculated. 

On  the  basis  of  these  measurements  the  angular  coordinates  of  the 
target  are  determined. 
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FOURTH  CHAPTER 


NOISE  CHARACTERISTICS  OF  FUNCTIONAL 
DIFFERENCE  FREQUENCY  CORRELATORS  ON 
NONLINEAR  ELEMENTS  OF  THE  v-th  POWER 


H.l.  USE  OF  TRANSFORMATION  METHOD 
TO  ANALYZE  NOISE  CHARACTERISTICS 
OF  FUNCTIONAL  CORRELATOR 

The  work  algorithm  of  a  functional  correlator  is  determined 
by  relationships  (2.9)  and  (2.10),  in  which  under  the  integral 
sign  we  find,  In  place  of  the  product  of  the  studied  random 
processes,  another  function  of  these  processes,  A  functional 
dependence  can  be  formed  by  means  of  nonlinear  elements  and 
devices.  It  is  possible  to  represent  a  simplified  block  diagram 
of  a  functional  correlator,  consisting  of  a  nonlinear  element,  an 
averaging  filter,  and  an  Indicator. 

The  function  which  approximates  the  characteristic  of  the 
nonlinear  device  should  be  universal,  i.e.,  when  the  Individual 
parameters  are  changed  it  should  correspond  to  the  characteristics 
of  the  different  nonlinear  devices.  In  our  opinion  good  results 
can  be  obtained  by  approximating  the  volt-ampere  characteristics 
by  power  or  exponential  functions.  Certain  types  of  functional 
dependences,  along  with  the  simplest  functional  correlator  systems, 
are  given  in  §  2.3.  In  analyzing  the  noise  characteristics  of 
functional  correlators  the  half-wave  characteristic  of  the  v-th 
power  should  be  considered: 
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(4  1) 


.  __  |  ay'  n,)M  y*  0, 

|  0  npii  y  <  0. 

[npn  -  when] 

where  v  is  a  positive  real  number,  y  -  input  voltage. 

When  v  1  or  v  -  2,  this  represents  a  linear  or  a  quadrat 
correlated  detector,  respectively  If  we  form  systems  of  seve. 
nonlinear  elements,  then  we  obtain  nonlinear  devices  with  full 
wave  characteristics  corresponding  to  the  even 


ay'  it|iH  j>0, 

?  0  npii  I/  —  0, 

i/f  r,|)n  !/  <.  0, 

and  uneven 

Iiiy'  npii  !/>0. 

0  npii  ij  0, 

a(  y)'  ripn  ry  <  0 


The  transformation  when  v  -  0  and  subsequent  multiplication  of  the 
studied  processes  correspond  to  the  work  algorithm  of  the  polarity 
coincidence  coordinator. 


In  this  chapter  we  study  the  functional  correlator,  which  is 
based  on  a  nonlinear  unit  with  a  half  wave  characteristic  of  the 
v-th  power.  The  regular  component  of  the  input  voltage  which 
describes  the  correlation  connection  between  the  studied  random 
processes  is  found,  along  with  noise  intensity  at  the  output  of 
the  filter  which  follows  the  nonlinear  element.  The  noise 
characteristics  of  the  functional  correla  or  are  compared  with  the 
analogous  characteristics  of  an  ideal  correlator 

Processes  in  functional  correlators  can  be  easily  analyzed  by 
the  transformation  method  [14,  24,  35],  since  the  characteristics 
of  nonlinear  devices  can  be  represented  in  the  form  of  contour 
integrals.  Let  z  =  g(y)  be  the  characteristic  of  the  nonlinear 
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transformation;  g(y)  =  0  when  y  <  0,  and  increases  as  y  increases, 
but  no  faster  than  the  exponential  function,  i.e.; 

I R  (•/)!<  /We-'.  (H.2) 


where  M,  u^  are  constants. 

—  n  t  y 

In  this  case  function  y(y)  =  g(y)e  ,  where  u'  >  u,  ,  is 
absolutely  integrable,  i.e., 

$  Iff  (i/ie"'1"' !</«/<+«.  (^  .  3) 


and  the  Fourier  transform  exists 


'i(y) 


do. 


If  we  multiply  out  the  left  and  right  parts  of  the  equality  by 

u 1 

e  J  ,  then  we  get : 

e (;/)  -y- j " do  [j e id ■/  (U' ldi 

-oo  Lo 

Let  us  introduce  the  complex  variable  w  =  u'  +  iv.  The  integral 
from  the  actual  variable  can  be  represented  in  the  form  of  a 
contour  integral  on  the  plane  of  the  complex  variable  along  line 
w  =  u '  +  iv,  i.e., 


where 


w  t  i'«e 

«(«/)-—-  J  lw)''rdw,u’>u,.  (4.4) 

y'-lw 


(4.5) 
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The  transition  function  of  the  nonlinear  device  f(w)  in  this 
case  represents  the  unilateral  Laplace  transform  of  the  character¬ 
istic.  Output  voltage  g(y)  is  determined  in  the  form  of  the 
reverse  Laplace  transform  [(4.4)]. 

Cases  are  possible  in  which  the  characteristic  of  the  nonlinear 
transformation  does  not  revert  to  zero  on  the  half-plane,  but  at 
positive  and  negative  values  of  y  increases  no  faster  than  the 
exponential  function.  In  these  cases  the  characteristic  should  be 
represented  in  the  form  of  the  sum  of  the  two  half-wave  character¬ 
istics  as  in  (4.1),  which  are  valid  for  positive  and  negative 
values  of  the  input  signal. 

In  analyzing  the  noise  characteristics  of  functional  correlator 
let.  us  consider  the  assumptions  made  in  studying  an  ideal  correlator 
(see  §  2.2)  to  be  valid.  In  addition  we  w^ll  assume  that: 

1.  The  signal  received  uc(t  +  x  ),  reference  voltage  ur(t), 
ar.d  extraneous  noise  u  (t)  enter  the  input  of  the  nonlinear  device 

UJ 

add! t i vely . 

2.  The  averaging  f i  1 1 
is  not  coupled  to  it  and 
on  the  transformation  pr 

The  input  voltage  which  enters  the  nonlinear  element  represents 
a  sum  of  the  following  form: 


,  which  follows  the  nonlinear  unit, 
Pnrp,  does  not  have  a  reverse  effect 


lj(t)  --  Mr  (/ )  +Mt(/  +  T:,)+H,n(0-  (4.6) 

The  autocorrelation  function  of  this  voltage  has  the  form  of: 

A'„  (/.  i)  -=  «,(/)«,('  +  -)  +  M' +  -,)  «c  (f  +  t-ft,)  -f 

+  M0«c(M  -  r -  H  «e(/  +  ^)tfr((  +  ^)  + 

-f  (<  +  *)• 


(4.7) 


If  we  consider  (2.4)  and  (2.5b),  then  we  get  the  following 
expression  for  the  autocorrelation  function  of  the  voltage  at  the 
input  of  the  nonlinear  element 

*0.  (4.8) 

In  expression  (4.8)  we  have 

P(/.  t)^  ««u,i 1  ~rc(-:)  cos  »ct-f 

'f 

.  •*  # 

t“7  r,u  ("I  -f-  rt  (t  -j- 1  ,)  cos  (««„/  —  — 

*r  r 

--  "Vt>  —  C,  (t  +  tj)|  -f-  ft(’j  —  ~)  COS  [«**#/  -  -  4* 

+^-C.K-t)|.  :  (4.9) 

where  uA  =  oj  -  u  . 

Ore 

Dispersion  of  the  input  voltage  equals 

°>:  +  0).  (4. 10) 

4.2.  REGULAR  VOLTAGE  COMPONENT 
AT  CORRELATOR  OUTPUT 

Our  problem  is  to  find  the  regular  component  of  the  voltage 
at  the  output  of  a  functional  correlator  in  the  intermediate 
frequency  range  (Intermediate  frequency  is  equal  to  the 
difference  in  average  frequency  spectra  of  the  input  signal  and 
the  reference  voltage).  Using  the  transformation  method  we  find 
the  set-averaged  value  of  voltage  at  the  output  of  the  nonlinear 
element,  which  also  represents  the  regular  component. 

Let  us  find  the  transition  function  of  the  nonlinear  element 
as  the  unilateral  Laplace  transform  from  its  characteristic , which 
can  be  determined  by  expression  (4.1) 


f(w)=jay\  »  dy . 

For  nonlinear  devices  cr  the  v-th  power  the  Laplace  transform 
exists  if  Re(w)  >  0  ano  equal  [14]  to 


/(««)  = 


«r<>  + 1) 


where  f(x)  is  the  gamma-function. 


(4.11) 


The  response  of  the  nonlinear  element  can  be  calculated  from 
the  known  transition  function  and  the  output  effect  by  means  of 
the  reverse  Laplace  transform: 

*  ■  (tv.  (4.12) 


TkQ  integration  cent  ur  Is  a  straight  line  on  complex  plane 
w ,  is  parallel  to  the  Imaginary  axis,  and  passes  the  other  at  a 
distance  at  which  all  of  the  particular  points  of  the  transition 
function  remain  to  the  left  of  the  contour. 

The  transition  function  of  (4.11)  is  an  analytical  function 
of  complex  variable  w  except  for  the  singular  point  at  the  origin 
of  the  coordinates  w  =  0.  The  response  of  the  nonlinear  element 
to  the  effect  In  the  form  of  the  regular  process  can  be  found  by 
substituting  y(t)  In  formula  (4.12)  and  calculating  the  obtained 
integral  by  means  of  the  apparatus  for  the  theory  of  the  functions 
of  the  complex  variable.  In  the  studied  case  the  effect  is  the 
sum  of  random  processes  whose  relationship  Is  unsteady.  To 
determine  the  regular  component  in  the  response  of  the  nonlinear 
element  it  is  necessary  to  study  a  whole  group  of  occurrences  of 
the  random  process  at  the  output  and  then  average  this  set 
appropriately  [formula  (1.2)].  Since  response  z  represents  the 
single-valued  function  of  the  effect,  then  by  considering  (4.12) 
we  will  get  the  following  for  the  regular  component  of  the  response 
'-f  the  nonlinear  element: 
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25*  {m^mdrn. 

i 


Thus,  the  regular  component  of  the  response  Is  found  by 

statistical  averaging  of  the  function  from  the  input  effect,  which 

can  be  dene  by  means  of  the  characteristic  function.  In  the 

analysed  case  the  input  effect  represents  the  superimposition  of 

the  three  gaussian  processes  and,  consequently,  the  distribution 

of  the  sum  process  will  be  gaussian.  For  a  gaussian  random  process 

2 

with  a  sero  average  value  and  with  dispersion  o  the  character¬ 
istic  function  will  be  equal  [14]  to 

exp  1^7/ (h|  -  exp  [  ] . 


where  w  =  iv. 


Then,  on  the  basis  of  (4.11)  the  regular  component  of  the 
response  will  have  the  form  of 


1 11.13) 


Calculation  of  the  Integral  (see  appendix)  with  formula  (4.10) 
considered  for  input  voltage  dispersion  gives  us  the  following 
expression : 


t—  — m  or. 


i  * 


‘r(,++) 


.14) 


Let  us  make  a  harmonic  analysis  of  the  regular  component  of 
tne  response.  From  expression  (4.9)  it  follows  that  when  t  =  0 

p(t,  0>=^(l+2^,. (,,) cos (V _ WjXj - (T,)| J . 


where 
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For  [p(t,  0)  ]vA  we  will  use  a  representation  in  the  form  of 
following  series  [13,  p.  3r)]: 


(I  I  +  ?.v  -}-  ,)  .v5  +  ...|.r|<l 


on-'*  -  ( { • + s  x 


X 


2  -~r  r ,  ('.,)]  Cus,!  [<»,/  u>ct3— 

■  J  I 


L.e-  us  examine  the  regular  eomponent  of  the  output  voltage 
in  the  intermediate  frequency  range  co^.  The  first  harmonic  of 
fi’^  iuo.'.c.v  wn  in  the  expression  for  [p(t,  0)]  [sic]  will  only  be 

f  r  uneven  .numbers  of  k  =  ?n  -  1.  In  this  case,  if  we  use  the 
•nx:  a  ns  ion  [1  ^  ,  t  .  to  ] 

00 

■  DiJTb 'f,.,,.  ««(*•-*•-  ■>* 


f  r  t  he  i  rg  errneii  ate  frequency  range  we  get 


Ip  0.  <>>)'*  - 


v)'{ 


I+2X 


,7u  (m  -  l)!ml 


\  / 


COsj.U,/-  «.eT1 


this  expression  can  be  represented  as  the  following  hypergeometric 
function : 


103 


IK'.  <<’=(■£)' 

Xcos|V--,t,.-{.(«J)|J!F,ri=-’;  - ;  2; 


(b.l'-) 


The  last  factor  in  the  form  of  0F^(a;  b;  c;  x)  represents  a 
hypergeometric  function  with  two  parameters  In  the  numerator  and 
one  In  the  denominator,  which  can  be  determined  by  the  series  [l"5] 

The  hypergeometric  series  is  an  analytical  function  of  the 

argument  x  and  converges  v/hen  |x|  <  1.  Following  this  premise  the 

2  0 

powers  of  the  signal  and  the  noise  a  ,  a"  are  much  less  than  the 

0  C  *  LU 

power  of  reference  voltage  a^. 


Thus  , 


4.V 

5ii  **  V!  ^11(^3)  !• 

'n 


For  a  low  argument  value  the  hypergeometrical  function  is  close  to 
one.  Then,  the  regular  component  of  the  response  of  the  nonlinear 
element  at  intermediate  frequency  will  equal 


'♦  T 

2  r 


^t±iW_/l+vi.r.(,JX 

M'+t)  1  " 


Xcos|V-v.-t.M}. 


0.16) 


Thus,  when  the  small  signal  and  the  reference  voltage  exert 
a  combined  effect  on  a  nonlinear  element  with  a  half-wave  power 
characteristic  at  the  output,  there  appears  a  voltage  component  of 
difference  (intermediate)  frequency  o)q,  whose  amplitude  is 


proportional  to  the  envelope  of  the  cross-correlation  function 
of  the  reference  voltage  and  the  sirnal. 

Let  us  examine  the  error  which  develops  when  we  measure  the 
envelope  of  the  normalised  cross-correlation  function.  From  (H.lk) 
an  i  ( '• .  1 r  ')  we  flni  the  expression  for  the  amplitude  of  the  regular 
c  mroucnt 


A  ~  T7X  f 

8  'r(l  +  i-) 

x^Vr’a^w). 


maximal  value  of  the  amplitude  A  is  obtained  at  t  =  0, 

r  max  a  * 


:en  r  -  1. 

p 


For  the  error  characteristic  of  the  method  we  examine  measure- 
:  not  error,  determined  by  the  following  expression: 


The  absence  of  tables  for  the  hypergeometric  function  prevents  us 
from  accurately  calculating  the  expected  measurement  error.  In 
r i : ^  case  of  a  low  input  signal  we  can  limit  ourselves  to  the  two 
terms  cf  th?  hypergeometric  series.  Then  we  will  get 

A -  l)(|-  ;)l'.’lU-||.  (4.18) 


Consequently,  measurement  error  has  approximately  the  same  order 
of  smallness  as  the  ratio  of  powers  of  the  signal  and  reference 
voltage.  As  we  might  expect,  the  use  of  a  nonlinear  element  with 
a  unilateral  square-law  characteristic  does  not  lead  to  error  in 
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measuring  correlation  coefficients  when  studying  gaussian  processes. 
Formula  (J4.l8)  does  not  consider  error  caused  by  extraneous  noise 
and  by  the  finiteness  of  the  averaging  time. 

4.3.  AUTOCORRELATION  FUNCTION 
AND  ENERGY  SPECTRUM  OF  VOLTAGE 
AT  OUTPUT  OF  NONLINEAR  ELEMENT 

At  tiie  output  of  the  nonlinear  element  in  a  functional 
correlator  averaging  occurs  over  a  period  of  time  which  is  con¬ 
siderably  greater  than  the  correlation  time  of  the  studied  random 
processes.  Averaging  is  done  by  means  of  a  hand  filter,  which  is 
placed  behind  the  nonlinear  element  and  tuned  to  difference 
frequency  uv  Since  averaging  time  is  finite,  along  with  the 
regular  voltage  component  (which  exists  in  the  presence  of  a  signal) 
there  is  always  a  noise  component  at  the  filter  output.  Conse¬ 
quently,  the  output  voltage  of  the  filter  is  a  random  process,  and 
one  must  'nave  a  knowledge  of  statistics  in  order  to  describe  it. 

The  nonlinear  transformations  which  occur  above  the  gaussian 
random  processes  lead  to  nongaussian  statistics.  In  the  particular 
case,  which  bias  greater  practical  interest,  where  the  band  pass  of 
the  averaging  filter  is  much  narrower  than  the  bands  of  the  energy 
spectra  of  input  oscillations,  the  random  process  at  the  filter 
output  "tends  toward  normalization,"  i.e.,  the  density  of  probability 
distribution  In  this  process  Is  close  to  normal.  For  normalization 
the  width  of  the  energy  spectra  of  the  Input  signals  must  exceed 
the  band  pass  of  the  averaging  filter.  This  depends  on  the  degree 
to  which  the  law  of  distribution  at  the  input  of  the  averaging 
filter  deviates  from  the  normal.  We  can  assume  with  sufficient 
practical  accuracy  this  ratio  to  be  on  the  order  of  6-10  [2^]. 

Let  us  estimate  the  effectiveness  of  a  functional  correlator 
from  the  ratio  of  the  power  of  the  regular  component  to  the  power 
of  fluctuations  at  the  output  of  the  averaging  filter.  We  will 
compare  a  functional  correlator  with  a  correlator  in  which  ideal 
multiplication  occurs. 


]  06 


To  solve  the  problem  we  must  find  the  correlation  function 
of  the  response  of  the  nonlinear  element  to  the  input  effect  in 
the  form  of  the  sum  of  unsteadily  related  random  processes.  The 
unknown  correlation  function  will  be  time  dependent.  The  energy 
spectrum  of  the  output  voltage  of  the  nonlinear  element  is  found 
by  applying  the  Wiener-Khinchin  transform  to  the  time-averaged 
autocorrelation  function  [24]. 

By  means  of  formula  (4.12)  the  autocorrelation  function  of  the 
response  of  the  nonlinear  element  is  written  in  the  form  of 

K,(t.  t)=  I  J  *(/)*(/ -H)p]*(/);  z(t+x))d£(iytz(t+x^ 

=  jjexp  +  +  ■')! 

Statistical  averaging  exp[u'i^(/)  +  tt>*y(/+T))  represents  the  transformed 
two-dimensional  characteristic  function,  which  for  the  normal 
random  process  equals  [14] 

Kv(0 +  *«:¥(<  -H)l  =  exp  l  io,  W)  + 

-  o,o1p(/)  y(/4-t)|. 

If  we  assume  w^  ■  iv^ ;  w^  ■  iv^  and  consider  (4.8)  and  (4.10), 
then  we  get 


exp | w,y +  + 1))  =  exp  [ i-  a|p (/. 

+  3,*P  V-  •)  w.w.  *f  4*  3,*P  V  +  *.  0)  w\ ). 


By  expanding  the  exponential  function  in  a  series,  we  get  the 
following  expression  for  the  autocorrelation  function  of  the 
response  of  the  nonlinear  element: 
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*=«  f 

l/!»*t  (I.  0)  e»  ,  »  l/J**c,  (<fi.  0)** 

x«  ■  »;«».)«  ' 


Here  let  us  substitute  the  expression  for  the  transitional  function 
of  (^.11).  Then,  by  means  of  contour  integral  (P.  1.1,  appendix) 

we  get 


A'  U  ,1  -=  f)  2.  M _ 2* _ 

2-  •  L  „p  x 

X(p(/.  0)P(/  -K  0||<— *» V</. 


(4.19) 


let  us  calculate  the  time-averaged  autocorrelation  function 
for  the  response  of  the  nonlinear  element.  For  every  number  "k" 
we  must  average  the  following  product  with  respect  to  time: 

p '• -*’'*(/.  0)  p<— *»'*</  0)p*(/.  t). 

Averaging  is  done  for  the  most  interesting  case,  in  which  a c" 

a  <<  a  .  The  individual  factors  of  the  averaged  exoression 

lu  r  • 

should  be  written  in  the  form  of  series 


/1~*\ 

|P(h  on*— *>'*=  I  +  -^^-1,(0  + 

+£2^=!l<„+_ 

C— h 

|p(<+t.  0)1'"*’'’  =  I  +  «,(()+ 

jp(/.  +  *)+ 


In  multiplying  these  expressions  we  average  only  those  terms  which 
have  an  order  of  smallness  of  no  less  than  «£/**.  »*/»)•  Finall  r  we  pet 

<lP('.  0)P('  +  t.  0)],-*»/V(/.  i)>=/J(t)co**«r*-t- 
+  *  “7  r!~'  (x)  cos**  '•rtr#  (*)  cot^t -|- 

•f 

•* 

+  *  -7-  r*-'  (*)  COS**  ‘•rVM  (t)  cot  -j- 

•r 

+ *  C~r*)  if  r!~'  w  *<**  ■  '•rv.  (*c,)  x 

X  { r . (t  + 13) cos K-  +  c« (*  +  **)  —  M (*»)!  + 

+  r .  —  1)  cos  (-*■'+ C,  (t,)  -  C.  (t,  — 1)|}  +  ; 

*f  —  r^-~f  /,J“,(*)cos**Vw,.(**  -  »)X 

'f  ■  . 

X  (r J  +  ■=)  COS  |(-r  +  •«)  t  +  C.  (t,  -f  t)  — 

—  C,  {*,  -  *)]  +  rj  (t)  cos*  «*rt  X 

•*  , 

X2 -r/,,(t»)C0SV*  r  <.!.;) 

•r 

Let  us  assume  that  Intermediate  frequency  is  much  urn alien  than 
the  central  frequencies  of  ’he  ~ignal  ujc,  reference  vrltare  wr  ,  and 
the  combined  components  In  tr.e  form  jT  kuy  ♦  w  ,  km  +  when 
k  _>  2 .  Then  (from  4.20)  It  follows  tnat  the  compon^M 
time-averaged  correlation  function  (4.19)  will  c  rr  -m  .id  *  he 
region  of  low  and  Intermediate  frequencies  only  a^  Vvvn  n  .m:  ers  of 
k  *  2n.  Thus,  if  we  consider  the  relationship  [42,  p.  4] 

_ [ _ 

r(t-n)  ru) 

and  use  the  expressions  for  powers  of  trigonometric  furr*  e- 

the  multiple  argument  function  [13,  p.  39] 

* 
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cos’" - 'x=*~±t-  J  cos(2/i  2k  —  l)jf, 

M 


then  we  get  the  following  expressions  for  the  time-averaged 
correlation  function  of  the  response  of  the  nonlinear  element 
corresponding  to  the  region  of  intermediate  and  low  frequencies: 


R^fr-Rv+R^+R*. 


we  have 


#«-0(v)jl+  SC(v.  *>r*(x)J;  (4.21 

2,1  " 

R.m^D(v)-~  cos(wr  -^iV/iCjv,  «)  r\n  ' (t)  rm  (t); 

"r  (fti 

(4.22) 

Rot  —  0(v)^r|  -y-  cos v  -f  JJ  «C (V.  «) (x)  X 

*  A~l 

x{ct-s  <v  [— —  —  fj  ft)  r;(t,)  +  r,  (x)  rc  h)  + 

+  (  -  «)  r« (*J rt  (‘e)||  '.(• 4-  ’4  cos [«.x  —  C, (x -f 13)  -f 

4  51*  (“41 + fo  (*4  - T)  cos  [<v  4- (x,  —  x)  —  c,  (x,))]  4- 

4-  (n  ~  I )  r ,  (x,  -  x)  r, (x,  +  x)  cos  [®,x  — 

5»(x4-xj)4*c,(x,  —  x)l|J; 


D(v)  = 


d*ri  (nj 


C(v.  «)- 


"•(+)  ' 
fryfr-y-ft-*')’ 


(«!)• 


(4.23) 

(4.24) 

(4.25) 


Thus,  the  time-averaged  correlation  function  for  the  response 
of  the  nonlinear  element  in  the  low  frequency  region  consists  of 
three  components : 
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1)  R  _  -  correlation  function  of  detected  reference  voltage 

2n 

(terms  of  series  (4.21)  contain  factors  in  the  form  of  rp  (x), 
whi^'i  describe  reference  voltage  only^ 

2)  R  -  correlation  function  of  extraneous  noise  transformed 

OLd 

by  reference  voltage  [terms  of  series  (4.22)  have  factors  in  the 
form  of  r^n-1(T),  r^(T)], 

3)  R  -  time-averaged  correlation  function  of  signals, 

o  c 

transformed  by  reference  voltage  (series  (4.23),  consists  of  terms 
containing  parameters  of  cross-correlation  and  autocorrelation 
functions  of  signal  and  reference  voltage). 

From  (^i.23)  it  follows  that  the  time-averaged  correlation 
function  of  the  signal  transformed  by  the  reference  voltage  and 
also  the  energy  spectrum  of  the  self-noise  of  the  functional 
correlator  are  time  delay  functions  of  the  signal  relative  to  the 
reference  voltage. 

Tn  estimating  the  effectiveness  of  a  functional  correlator 
we  limit  ourselves  to  the  simpler  case,  where 

Ta  —  0,  ;.(t)  ssO,  o)ui ~ o>ci  r,.(f)  -rc{x)  =r(r).  (  4 . 26  ) 

The  assumptions  of  (4.26)  coincide  with  the  limits  of  (2.6)  used 
earlier  in  analyzing  an  ideal  correlator. 

This  last  equality  Indicates  that  the  energy  spectra  of  the 
signal  and  reference  voltage  differ  only  in  theii'  central  frequencie 
Under  these  conditions  the  application  of  the  direct  Wiener-Khinchin 
transform  to  (4.21),  (4.22),  and  (4.23)  gives  us  the  following 

expressions  for  corresponding  energy  spectra: 
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1 


Joj| 


0(v)|*(/)  +  £  C(v,  /i)„,Se(/)J. 


(4.27) 


.*  » 


5#ui  —  D  (vl  — j-  nC  (v,  n)  |.n5rui  (/  —  /,) -J-  jnSrui  (/  -j- /,)|;  (^.28) 

f  <1*1 


^  =  C(v)^-(^-),{St/-W+8(/+/J  + 
+t  -C(V.  «)  |,»S*  (/  —  /,)  4*  aiA  f/ 'I*  f,)\  j  • 


v.’here  6(f)  is  the  Dirac  delta-function; 

*A</)=  jr~  (,)e-‘W*i 

,.Srul  (/)  =  J  •  (,) (,) 

— £ 

We  can  find  the  signal/noise  ratio  at  the  functional  correlator 
output  by  using  the  expression  obtained. 

4.4.  SIGNAL /NOISE  RATIO  AT 
CORRELATOR  OUTPUT 

Our  problem  is  to  compare  the  signal/noise  ratio  at  the  output 
of  a  functional  correlator  with  that  of  an  ideal  correlator  with 
other  conditions  remaining  equal.  Let  us  find  the  signal/noise 
ratio  at  the  output  of  a  functional  correlator.  The  reasoning 
and  transformation  will  be  absolutely  analogous  to  those  presented 
in  §  2.2  in  deriving  (2.7).  Rased  on  relationships  (4 . 27)-( 4 . 29) 
the  signal/noise  ratio  at  the  output  of  a  functional  correlator 
will  be 
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+,.S,(2/.)l+(v)‘  -J-  £  C(».  n)..S.(/.)+ 

*  *«l 

4*  ^“f")  jj  ^  n )  f0)  + 

*  *»l 

*f"  tn^rm  (2/*))l  •  (4.30) 


This  expression  cannot  be  conveniently  used  in  this  form,  since  the 
decree  of  superiority  of  the  ideal  correlator  over  the  functional 
correlator  with  the  nonlinear  element  is  not  apparent.  Expression 
(4.30)  will  be  written  as 


1* =  *7  {i  ( 1  +  » |-)  US'  (0)  +  ,se  (2/.)l  4 


+  ?-f(JSru1(0)  +  ,Srul(2/.)|l-  . 


where  we  designate: 


m 

(v)'Sck  n),A(M 
_ _ _ 

£  C(».  /»)|,A(")  +  uA(2M) 


#|5»l 


»A(«i+  >  A  i2f.) 

<*/.)  ’ 


/l-;l 

Qt 


H^)’E"C(v’n)*ra^r 

rt=»I 


(4.31) 


(4.32) 

(4.33) 

(4.34) 


If  we  compare  the  signal/noise  ratio  at  the  output  of  an 
ideal  correlator  [formula  (2.7)1  with  the  same  ratio  for  a 
functional  correlator  [formulas  (4.30)  or  (4.31)]  we  will  be  able 
to  give  the  following  physical  interpretation  to  the  reduced  loss 
eoe  f  i’i  •  i  >  n4  : 
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H-jj-  shows  how  many  times  noise  at  the  output  of  the  averaging 

filter,  which  is  caused  by  the  detected  reference  voltage,  exceeds 
r.  ice  caused  l\v  the  random  nature  of  the  signal; 

X  indicates  the  factor  by  which  the  signal/noise  ratio  at  the 
output  of  a  functional  correlator  is  inferior  to  that  of  an  ideal 
correlator  in  a  case  v/here  the  noise  of  the  detected  reference 
voltage  (which  may  occur  when  a  balanced  system  is  used)  and 
extraneous  noise  are  absent  ; 

8  shews  the  factor  by  which  the  signal/noise  ratio  at  the 
utput  of  a  functional  correlator  is  inferior  to  that  of  an  ideal 
correlator  in  a  case  v/here  only  extraneous  noise  transformed  by  the 
reference  volt. are  is  considered  (in  practical  terms  this  occurs 
when  the  spectral  density  of  extraneous  noise  is  much  greater  than 
the  spectral  density  of  self-noise  and  detected  noise). 

bet  us  examine  in  more  detail  the  coefficient  of  losses  B  for 
two  cases: 

3.  The  energy  spectrum  of  extraneous  noise  is  much  wider  than 
the  reference  voltage  spectrum. 

2.  The  energy  spectrum  of  extraneous  noise  is  the  same  as 
the  signal  spectrum. 

face  1 .  In  order  to  calculate  the  values  of  the  coefficient 

of  losses  8  we  must  know  the  spectral  density  in  the  form  of 

"  (  f )  .  When  n  =  1  we  have 

2  n  r  hi 

Am  (f)=  ]rm(i)r(x)e-*+<h. 

For  the  studied  case  the  correlation  function  r  (t)  is  much  narrower 

LLI 

than  r(x).  Thus,  we  can  write  approximately 
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]rm(i)r(0)  t~n'"  rf-  =  s;(/). 


Here  trie  energy  spectrum  S*(f)  corresponding  to  correlation  function 

r  (t’'  is  the  energy  spectrum  of  extraneous  noise  which  has  been 

transferred  from  frequency  oj  to  "zero"  frequency.  It  is  quite 

obvious  that  the  approximation  2n^ro/^  *  S^(f)  will  continue  to 

decrease  in  accuracy  as  number  n  increases,  since  in  this  case  the 

2n  X 

correlation  function  r  _1(t)  continues  to  narrow.  However,  as  we 
will  show  below,  series  (4.3*0  in  view  of  its  rapid  convergence  is 
practically  determined  by  the  first  terms  alone.  If  we  consider 
this  peculiarity,  we  assume  that 

.n Stm  (/)  -  [  rm  (t)  ,*• '  •  (t)  di  ~  SI  (/). 


Then  the  expression  for  the  coefficient  of  losses  8  with  the 
coefficients  of  (4.25)  considered  will  acquire  the  form  of 


(4.35) 


Using  a  particular  value  of  the  hypergeometri c  function  [27,  p.  709] 


,F,( «.  p.  Y.  I)=l  + 


_0  ■  M)  i 

HI  •  T(r  -H  •>  2f  “ 


_  r(T)  r(r-«-» 
r(?-a)r(T-tT' 


we  represent  the  coefficient  of  losses  in  the  form  of 


P  = 


r(») 


(4.36) 


Case  2.  The  equality  of  the  width  of 
to  the  width  of  the  signal  energy  spectrum 


the  noise  energy 
means  that 


spectrum 
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^ib(t)  —f(x)i2nSnn(f)-~tnSc(f)- 


In  this  case  formula  (4.3^)  acquires  the  form  of 


b — —n~  c n\ 

P  -£!*•  C(V'  '  A  <«)  t-A(2/.i  * 


(4.37) 


From  relationships  (  4 . 32)- (4 . 37)  it  follows  that  the  loss 
coefficients  u ,  X,  8  depend  on  the  characteristic  of  the  nonlinear 
element  (parameter  v)  and  the  shape  of  the  energy  spectrum  of 
oscillations  acting  on  the  functional  correlator. 


SPECTRA!  DENSITY  CHARACTERISTICS 
DOM  PROCESSES  (PARTICULAR  CASES) 


Loss  coefficients  are  expressed  as  functions  in  the  form  of 
?  S  f)  ,  which  depend  on  the  shape  of  the  energy  spectrum  of  the 
studied  random  processes.  Let  us  find  these  functions  for  several 
random  processes  obtained,  for  example,  when  "white"  noise  passes 
threug:.  specific  shaping  filters. 

1.  Ideal  Filters 


Let  us  describe  tie  energy  spectrum  by  the  following  function 


~2jf~  nPM  /c— '4f ‘f!/l^fe*t — y-* 

0  at  other  values  of  f, 
[npM  =  .vhen] 


where  Af  is  the  width  of  the  energy  spectrum. 

V/e  knew  [24,  37]  that  the  correlation  function  of  a  process 
with  this  spectral  density  has  the  form  of 

•* 

Re  sinrA/t  cos«ct. 
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The  energy  spectrum  corresponding  to  correlation  coefficient  r(f) 
is  determined  by  the  relationship 

$,</)  =  J-tf-  npH  (U.38) 

10  at  other  values  of  f. 

[npn  *  when] 

Let  us  find  spectral  density  2n^c^^  means  a  convolution 
type  integral  [1^]: 


tSc(f)—  Jr*(x)e-a^d.= 

"  |  Sc(i)Sc(f  ~~ mZ)dz. 


After  we  have  calculated  the  convolution  integral  for  a  rectangular 
energy  spectrum,  we  get 


.ScU): 


\o  at  ol 


-M)  »phW<>. 

other  values  of  x. 


where  x  =  f/Af  is  normalized  frequency. 


Similar  calculations  for  convolutions  when  n  -  2  give  us 


i(.ww  “  W'+ t)  nPM  0< W< •• 

4Sf  (Jf)  =  I  !  |.v|*  4-  |A*r  -  2  |.v|  +  ~  )  npn  I  <|4  -  2. 

at  other  values  of  x. 


Finding  convolutions  of  a  higher  order  involves  complex  and 
tiresome  calculations.  For  this  reason  we  will  use  approximate 
methods.  Let  us  use  the  central  limiting  theorem  of  the  theory  of 
probabilities.  We  know  [1^]  that  the  density  of  probability 
distribution  of  the  sum  of  independent  random  quantities  is 
determined  by  the  convolution  of  the  probability  distribution 
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density  of  the  terms.  If  the  random  quantities  fulfill  the 

Lindeberg  condition  [11,  p.  257],  then  the  density -of  probability 

distribution  for  the  sum  of  a  great  number  of  independent  random 

quantities  will  approach  the  Prussian  distribution.  The  Lindeberg 

condition  is  the  singular  requirement  that  random  quantities  have 

levlatlonr  f  uniform  smallness  from  their  average  value,  l.e., 

that  *:  '■slon  of  a  random  quantity  be  finite.  Let  us  examine 

relatio:  .''81  as  the  density  of  probability  distribution  of 

random  f.  In  this  case  _  S  (f)  is  the  densitv  of 

tin  c 

croi  a:  ility  distribution  of  the  sum  2n  of  identical  independent 
random  quantities.  The  distribution  dispersion  of  (4.38)  will  be 

[:i ,  i .  it?] 


elatior 


>roi  a:  ill' 


12  * 


while  the  a ve rare  value  is  equal  to  sero.  Since  the  dispersion 


ht  of  in  ierendent  random  Quantities  eauals 


t.hen  f  r  ,  8  (x)  we  get  the  approximate  formula 


:nSc(.V)=  V2-*l 


1 - l/ 


t  -v4t-r 


ll|)H 


at  other  values  of  x. 


(4.39) 


Tai  le  4.1  shows  the  values  of  the  convolutions  as  a  function 
'  f  normalized  frequency  x.  For  i(Sc(x)Af  and  (;S  (x)Af  in  Table  4.1 
two  values  are  given.  The  upper  row  of  values  was  calculated  by 
approximate  formula  (4.39).  Coincidence  is  good  even  for  a  small 
n  number. 
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i  1 1  inn 


Table  ii.l. 


M 

0 

O.S 

1.0 

I.S 

2.0 

2.5 

3.0 

4.0 

1 

J.S 

0 

0 

0 

0 

0 

0 

.s  lilif 

O.Gfcl 

0.471 

0.154 

0.0256 

0 .9)205 

0 

0 

0 

U.  'A 

u.«rMi 

0.  |i>» 

O.Oil 

0 

0 

0 

0 

.V  fi)Af 

O.SOS 

0.44 

0,f  C 

0.0547 

0.01'iJ 

6.O4-I0-* 

0 

0 

0.55 

0.43* 

<j.*i; 

0.054 

0.O1M4 

0 

0 

0 

0.4*4 

0.4U 

0.23 

ll.Oll 

0.025 

0.63)61 

0 

0 

0.4  '4 

u.ro 

0.261 

•1.113 

il.Ol-n 

O.OJI'J? 

3.i<r» 

0 

finple  Ore 5 1 1  a*  cry  Circuit 

In  thl.  ■  energy  spectrum  is  determine  1  on  the 

ft  llowinp;  dr:  ■ : 


where  Af  is  the  width  of  the  energy  spectrum  on  a  level  of  -3  dB. 

The  energy  spectrum  which  corresponds  to  the  correlation  coefficient 
v(t j  is  determined  iy  the  expression 


Seth 


(iUio) 


In  this  case  (f)  can  t  e  more  conveniently  calculated  by 

means  of  the  direct  Wi ^ner-Khinchin  transform,  rather  than  throuph 
the  convolution.  If  we  use  the  theory  of  remainders  in  calculating 
4  he  correlation  function  corresponding  to  the  energy  spectrum  of 
(  ^  ^  0 )  ,  we  pet 


r(t).-  =  J  Se  (()  J2,,'df  e-'4* 1,1 . 

—o* 
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Then 


m 

-J 


t-Unkf  1’i-a*/*^, 


[l + (-sr)  ] 


It  is  interesting  to  note  that  in  this  case  quantity  p  S^Cf)  does 
not  approach  the  gaussian  curve  at  any  value  of  n.  This  is  because 
the  probability  distribution  density  of  (4.40)  is  the  Cauchy 
distribution  density,  which  has  infinite  dispersion  and,  conse¬ 
quently,  does  not  satisfy  the  Lindeberg  condition. 

3.  Band-Pass  Filter  Consisting  of 
Two  Identical  Connected  Circuits 

The  autocorrelation  function  of  a  signal  shaped  by  a  band-pass 
filter  consisting  of  two  identical  connected  circuits  which  have 
a  critical  bond  between  them  is  determined  by  expression  [72] 


«N* 

>r' 


/? (x)  =  a*  e  "  CCS 2*/,x  [cos  + 

+*(W)]- 


where  Af  is  the  width  of  the  energy  spectrum  on  a  level  of  -3  dB. 
The  envelope  of  the  autocorrelation  function  of  the  signal  and  the 
energy  spectrum  corresponding  to  it  will  have  the  form  of 


r(x)  =  e 


«  HI 
►  2~ 


s«</)= 


2/f 


(4.U1) 
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When  calculating  quantities  2nSc(f)  we  use  Wiener-Khinchin 
transform  to  the  power  of  the  autocorrelation  function  of  the 

2  n 

signal  r  n(x).  The  obtained  integrals  are  calculated  by  means  of 
relationships  [13,  p.  ^91]: 

m 

J  e  *  '*  cos  qxdx  = 

m 

J  e"  '*  sin  qxdx  —  ~pr^r^r- 


rrcm  the  calculations  we  get: 


S  (x) _ _ 

W—  4-j/  (x«  +0.5)  (x*  +  I) 

c  ^2  |_3 _ i+J* _  , 

\  2  +  x«  (4  +  *  )•  -  «x*  ' 


5  —  2x* 


4.  -  I 

'  (2,5  +  x')' --2x*.  j 


where  x  =  f/Af  is  normalized  frequency, 

lie  reduced  expressions  show  that  the  complexity  of  functions 

,  S  Cx)  rapidly  increases  as  number  n  increases.  For  calculating 

rn  c 

~  G  (x)  at  large  values  of  n  in  this  case  we  can  use  the  method 

Gn  c  ° 

developed  in  part  1  of  this  section.  The  dispersion  of  distribution 
( ^  .  9 1 )  equals 


i  21^7  f  M  \' 

(xj' 


nhen,  the  approximating  gaussian  curve  for  -insc(x)  will  be 


-!(/?■)' 


.ldl 


(H. ’42) 
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Table  4.2  gives  values  of 

„  S  (x)Af  at  different  normalized 
2n  c 

frequencies  x.  The  upper  rows  of 
dual  values  for  n=2,  n=3,n=4 
correspond  to  those  obtained  from  the 
approximate  formula  (4.42). 

From  the  table  it  follows  that 
in  this  case  the  approximacion  is 
rough,  particularly  at  high  values  of 
normalized  intermediate  frequency  x, 
which  are  the  values  of  most  interest 
to  us. 

4.6.  EFFECTIVENESS 
OF  FUNCTIONAL 
CORRELATOR 

1.  Loss  Coefficients 

In  order  to  estimate  the 
effectiveness  of  a  functional 
correlator  we  must  examine  loss 
coefficients.  Loss  coefficient  A  Is 
determined  by  relationship  (4.33)  in 
the  form  of  an  infinite  series.  At 
particular  values  of  v  =  2,  4,  6,  ... 
the  series  can  be  easily  calculated, 
since  It  breaks.  In  the  general 
case  the  expression  for  the  sum  of 
the  series  in  a  closed  form  is  not 
found,  and  thus  in  the  calculations 
we  limit  ourselves  to  a  finite  number 
of  terms.  In  calculations  and  in 
estimating  possible  error  it  is 
convenient  to  use  an  additional 
series  in  the  following  form: 
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I 

j 


I 


,„=jc(,.  »)=jL-LL_Ji_J - LL 


Let  us  represent  the  auxiliary  series  in  a  closed  form  by  means  of 
gamma- functions  [as  done  in  deriving  relationship  (4.36)].  As  a 
result  we  get 


^np  — 


<r(») 


»r* 


(+) 


1. 


Calculations  for  the  values  of  spectral  power  densities  in 
the  form  of  S  ( f ) ,  conducted  in  the  preceding  sections,  indicate 

a)  at  any  values  of  n,  f  quantity  ?  Sc  <  1; 


1  )  values  of  n  C  (f)  diminish  very  rapidly  as  frequency  f 

u  n  C 

increases .  Thus 


»«^c  (^i  ~h  iA  (^M  • 

,Sc(0)  +  .s,(i/,)  '• 

where  equality  occurs  only  when  n  =  1.  Consequently,  the  ^erms  of 

the  series  (4.33)  are  smaller  than  the  corresponding  terms  <  f  the 

auxiliary  series.  Based  on  the  criterion  of  comparing  series  with 

positive  terms  [9],  it  can  be  confirmed  that  the  sum  of  serie. 

(4.33)  is  always  less  than  the  sum  of  the  auxiliary  series,  i.e., 

\  <  \  .  When  a  functional  correlator  with  a  nonlinear  element 

—  np 

is  given  practical  application  an  intermediate  frequency  f  ,  which 
is  considerably  greater  than  the  width  of  the  energy  spectrum  of 
the  reference  voltage  must  be  selected.  In  this  case 

2n<$c(2/o)  (0) 


12  3 


fm\  tit 


Ini  rf  Td 


while  relationship  (*4.33)  will  have  the  form  of 


,  n(T)'(|-T)‘-(-'-T)1  ,A 

U  W  “rSl 


(0) 

.SW 


(*4.*43) 


Indirect  calculations  show  that  when  f^  is  used  in  a  frequency 
range  of  0  <  f  <  *4Af,  the  change  in  coefficient  X  is  extremely 
insignificant  (less  than  5%),  unless  for  practical  purposes  we  can 
assume  that  the  loss  coefficient  X  does  not  depend  on  the  inter¬ 
mediate  frequency  value.  The  values  of  loss  coefficient  X 
calculated  from  formula  (*1.*I3)  with  the  first  four  terms  of  the 
series  considered  are  shown  in  Table  *1.3  along  with  the  limiting 
values  of  the  sum  of  tills  series  Xpp  for  the  three  studied  energy 
spectra . 


Table  *1.3. 


,"(<(■  'lr  m 

Va  1  a.' 

1  V 

1 

1.5 

».o 

2.5 

1.0  1 

1  4-0 

H<:  *  i  an/’  Unr 

0,254 

0,50.9 

1.0 

1,579 

•2.34 

4,GGfi 

Imnd-i  i .• :  filt <  r' 

0.2G3 

0,50.9 

1,0 

1 .58 

2.35 

i.m 

'i.in.  i  1  la'  fv  jirc-.it 

0,259 

0,50.9 

1,0 

1 .570, 

2,322 

4.5 

0,27 

0,573 

1.0 

1 ,580, 

2,393 

5,0 

From  Table  *1.3  it  follows  that: 

1)  for  practical  purposes  it  is  sufficient  to  calculate  the 
sura  of  the  four  terms  of  the  series  (*4.*43)  which  determines  loss 
coefficient  X; 

?)  coefficient  X  is  virtually  independent  of  the  form  of  the 
energy  spectrum  in  the  signal  (reference  voltage)  and  thus  in 
studying  the  different  random  processes  it  is  best  to  use  values 
calculated  for  a  band-pass  filter  (the  curve  shown  in  Fig.  **.l); 
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Fig.  n.l. 

a  function 


o  i 


of  a  nonlinear 


■  coefficient  X  as 
he  characteristic 
unit . 


3)  there  exists  a 
substantial  'dependence  between 
X  and  the  value  of  v,  i.e., 
between  X  and  the  character¬ 
istic  of  the  nonlinear  devic  . 


It  is  an  interesting 
fact  that  when  v  <  2  coeffi¬ 
cient  X  becomes  less  than  one, 
i.e.,  the  output  signal/noise 
ratio  of  the  functional 
correlator  can  be  better  than 
that  of  an  ideal  correlator. 

As  follows  from  Fig.  A.l, 


when  v  =  1  this  Improvement 


-1 


=  3.8 


may  constitute  (0.259) 

(or  5.8  dB).  This  fact 

contradicts  the  conclusions  of  statistical  radio  engineering,  since 
]  jss  coefficient  X  descriies  only  the  self-noise  of  a  functional 
•  rrelator  which  Is  calculated  when  there  is  a  total  correlation 
i  e tween  the  reference  voltage  and  the  signal. 


Tin*  following  experiment  can  le  performed  to  illustr  ite  at 
a  glance  the  effective  reducing  self-noise.  Let  there  be  two 
random  processes  differing  only  in  scale,  i.e.,  the  cross¬ 
correlation  function  1 --tween  the  processes  is  equal  to  R  =  +1. 

Let  us  assume  that  each  of  the  processes  passes  through  a  "rigid" 
limiter  (case  v  =  0),  so  that  the  voltage  at  the  output  of  any  one 
of  the  limiters  can  acquire  only  the  two  values  of  +A  and  -A,  while 
the  transmission  from  one  level  to  another  occurs  as  a  .lump.  1° 
the  outputs  of  the  limiters  are  connected  to  the  inputs  of  an  ideal 
correlator,  then  voltage  at  the  multiplier  output  will  have  only 

p 

the  one  value  of  +A  ,  since  in  the  case  of  a  cross-correlation 
coefficient  equal  to  1  there  Is  a  simultaneous  shift  in  the 
responses  of  the  limiters  from  one  level  to  the  other.  Consequently 


self-noise  will  be  absent  in  an  ideal  correlator.  If  we  assume 
that  the  unknown  random  processes  can  be  time-shifted  relative  to 
one  another,  then  at  the  multiplier  output  there  will  be  a  variable 
component  in  addition  to  the  constant  component.  This  results  from 
the  fact  that  the  responses  of  the  limiters  will  have  opposite 
polarities  on  the  individual  time  segments. 

how  let  us  examine  the  processes  which  occur  in  a  functional 
correlator  when  v  =  1,  i.e.,  when  the  functional  correlator  can  be 
regarded  as  a  "linear"  detector.  If  the  power  of  the  reference 
v'ltare  is  much  '-reater  than  the  power  of  the  signal,  then  the 
nonlinear  element  can  be  regarded  in  relation  to  the  small  signal 
as  linear  with  time-variable  parameters.  Here,  if  u  (t)  <  0, 
tn -■'r.  the  signal  will  not  pass  through  the  nonlinear  element 
(c  nductivity  is  absent);  when  u  (t)  >  0  the  signal  passes  wit!. cut 
distortion  (conductivity  is  constant  and  is  determined  by  the 
ierived  characteristic  of  the  nonlinear  element  at  positive  values 
f  “i.e  input  effect).  Thus,  in  the  given  case  passage  of  the  signal 
and  reference  voltage  through  the  nonlinear  element  can  be 
represented  as  a  process  of  multiplying  an  undistorted  input  signal 
by  an  amplitude-limited  reference  voltare.  If  there  is  no  signal 
delay  relative  to  the  reference  voltage,  then  at  the  output  of  the 
functional  correlator  there  will  be  self-noise,  caused  by  the 
random  nature  of  the  input  signa-1  envelope.  Obviously  the  self¬ 
noise  In  this  case  should  be  less  than  in  the  case  of  an  ideal 
correlator,  in  which  the  supplied  oscillations  are  not  limited. 

Thus,  it  follows  from  our  examination  that  an  increase  in  signal 
delay  relative  to  reference  voltage  can  lead  to  an  increase  in  the 
self-noise  of  a  functional  correlator ,  which  has  been  completely 
confirmed  experimentally. 

Study  of  loss  coefficient  8,  which  is  determined  when  the 
energy  spectra  of  the  reference  voltage  are  identical,  the  signal, 
and  extraneous  noise  by  means  of  relationship  (4.37)  is  analogous 
to  the  study  of  coefficient  X.  With  the  same  reasoning  used  to 
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ierlve  relationship  (4.^3)  when  fp  >>  Af,  we  pet  the  following 
series  for  6: 


?='+£ 


(■-tM-tH--*)’ 


mi  (m  +  I)! 


m=l 


\/ 

A  «ST(»)  ' 


:’or  tlie  energy  spectrum,  as  at  the  output  of  the  single  oscillatory 
circuit,  we  have 


ih  +  ,Sc(0)  _  I 

«  +  !• 


He  ‘.he  value  cf  th.e  less  coefficient  is  eaual  If 


?='+£ 


(-ry^-Ty-f-f)’ 


m  -I 


l(«4-  l)!j' 


_JL  n»  +  ») _ ,1 
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1  hr-  limiting  value  of  expression  ( h  .h  h )  is  determined  hy  the  sum 
c f  the  series  in  majorized  terms 


(•-j-yf*- j-y  ■■(—{-)• 


m-l 


mi  (m  f-  I  )f 

i» 


r,(i +!-•)' 


Thus,  the  limiting  value  for  loss  coefficient  6  determined  hy 
formula  ( h . h h )  coincides  with  the  value  of  the  loss  coefficient 
found  from  formula  (lJ.35)  for  the  case  where  the  width  of  the 
energy  spectrum  of  extraneous  noise  is  much  greater  than  the  width 
of  the  energy  spectrum  of  the  signal  (reference  voltage).  Figure  . 


127 


nonlinear  unit:  a  -  wide-band 
extraneous  noise  (limiting  value); 
I  -  signal  spectrum  in  the  form 
cf  frequency  of  land-pass  filter 
characteristic;  II  -  rectangular 
signal  spectrum;  III  -  sipnal 
spectrum  in  the  form  of  frequency 
characteristic  of  oscillating 
c  i  rcui  t  r- . 


(curve  a)  represents  the 
graphic  dependence  of  the 
limiting  value  cf  loss 
coefficient  3  on  wide-hand 
extraneous  noise.  In  the 
same  figure  we  see  the 
values  of  loss  coefficient 
3  for  the  three  studied 
energy  spectra  of  the 
signals.  From  these  graphic 
dependences  it  follows  that 
the  loss  coefficient  relative 
to  extraneous  noise  is 
greater  than  one  in  all 
cases.  This  is  found  in 
agreement  with  the  conclusions 
of  statistical  radio  tech¬ 


nology:  no  functional  correlator  can  separate  a  useful  signal  against 

a  l  ac.'grcund  of  extraneous  noise  tetter  than  an  ideal  correlator. 

The  magnitude  cf  loss  coefficient  B  for  1  £  v  <_  3  does  not  exceed 
1.27*",  i.e.,  losses  in  the  signal/noise  ratio  relative  to  extraneous 
noise  for  a  functional  correlator  are  not  great  compared  to  those 
f  an  ideal  correlator.  When  v  >  3  and  when  v  <  1  loss  coefficient 
3  rises  sharply.  Loss  coefficient  3  is  most  interesting  from  the 
standpoint  of  the  theory  of  detection  and  measurement  of  signal 
parameters,  since  it  is  extraneous  noise  that  limits  maximal 
sensitivity  and  accuracy. 


In  functional  correlators  an  intermediate  frequency  is 
selected  which  is  much  wider  than  the  energy  spectrum  of  the  signal. 
Thus,  the  values  of  loss  coefficient  v  are  of  practical  interest 
only  in  a  case  where  f  >  4Af.  Here  the  expression  for  the 
coefficient  of  losses  y  according  to  formula  (4.32)  can  be 
represented  with  (4.33)  considered  in  a  simplified  form  with  an 
error  of  less  than  1.5%: 
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(4.115) 


For  an  energy  spectrum  such  as  that  of  the  single  oscillatory 
circuit  we  get 


**  ~  Xv* 


*r=  I 


«T(/i  — 1)1  * 


«*  +  *5 


fii  .lift) 


where  x-  =  f\/Af  is  th.e  normalized  intermediate  frequency. 

For  convenience  in  analyzing  let  us  look  at  the  following 
auxiliary  series 


X 


OB 


/i^l 


n!(n  -  l)f 


■> 

Quantities  n‘  ,  Xq  are  always  positive,  unless  the  terms  of  the 
positive  theories  are  always  greater  than  corresponding  terms  of 
series  and,  consequently ,  jj  <  hnp>  The  expression  for  the 

sum  of  the  auxiliary  series  in  closed  form  is  found  by  the  same 
method  that  is  used  to  derive  relationship  (^.36).  As  a  result 
we  get 


IP  9 


Hup 


jr(v)  _  p., 

XV.  P  (fjx* 

Ncte  that: 

. 

1)  the  closer  the  sum  of  series  (4.46)  to  the  sum  of 
auxiliary  series  (4.47),  the  greater  will  be  ; 

d )  series  (4.46)  converges  more  rapidly  than  auxiliary  series 
(4. A”).  Consequently,  to  obtain  the  sum  of  (4.46)  with  the  required 
accuracy,  we  must  consider  a  smaller  or  at  least  the  same  quantity 
of  terms  as  we  did  in  calculating  auxiliary  series  (4.47). 

'aleulations  indicate  that  in  oraer  to  obtain  the  sum  of  the 
auxiliary  series  with  an  accuracy  to  within  no  less  than  5#  it  is 
sufficient  to  aii  trie  first  four  terms . 

| 

Fiouro  4.-  shows  the  values  of  loss  coefficient  u  calculated 
fr  m  formula  (4.3d)  taking  Into  account  only  the  first  four  terms 
f  '  he  series  for  the  three  studied  energy  spectra.  From  the 
fi mure  it  follows  that  coefficient  u  for  an  energy  spectrum  such 
as  the  single  oscillatory  circuit  with  xQ  _>  4  is  very  close  to  the 
value  determined  ly  relationship  (4.47)  (shown  as  a  dashed  line). 

F  r  the  two  other  energy  spectra  relationships  in  closed  form 
between  loss  coefficient  p  and  relative  frequency  xn  were  not 
attained.  For  calculation  at  higher  values  of  x()  we  must  consider 
a  rreater  number  of  terms  in  the  series.  In  the  case  of  v  =  ?, 

,  ...  expression  (4.46)  represents  a  finite  number  of  terms  and 
can  be  easily  calculated. 

Analysis  of  the  curves  in  Fig.  4.3  shows  us  that: 


1)  loss  coefficient  p  decreases  as  the  intermediate  frequency 
increases.  The  rate  of  decrease  is  determined  by  the  energy 
spectrum  of  the  signal  (reference  voltage); 
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Fir.  MR.  Los?  coefficient  y  as 
a  function  of  value  of  difference 
frequency  and  c!;aracteristic  of 
nonlinear  unit:  I  -  rectangular 
signal  spectrum;  TT  -  spectrum  in 
the  fern:  of  frequency  of  l  and- 
pass  f ! Iter  characteristic;  1  Ti¬ 
er  f'ct  rum  in  the  form  of  frequency 
characteristic  f  oscillatory 


2)  loss  coefficient  y 
depends  on  the  form  of  the 
characteristic  of  the  non¬ 
linear  unit,  i.e.,  on 
parameter  v.  This  dependence 
becomes  especially  noticeat’e 
for  signals  whose  energy 
spectrum  is  close  to  the 
rect anrular . 


2.  Some 

Experimental 

Results 


Some  of  the  results 
obtained  from  experimental 
verification  of  theoretical 


J  *  1  '  proposals  are  interesting. 

In  studying  a  functional 
correlator  the  parameters  of 

the  individual  units  w«rp  selected  to  1  e  as  close  as  possible  to 
t  models  of  signals  described  in  §  §  h .  1  and  2.2.  With  this  goal 
"wo  narrow-hand  processes  with  frequency-shifted  energy  spectra 
(signal  and  reference  voltage)  were  shaped  from  the  original 
gauss!  an  noise  using  a  method  of  filtration  and  frequency  trans¬ 
formation.  The  voltage  of  the  signal  (through  the  controlled 
delay  line)  and  the  reference  voltage  were  conducted  to  the  input 
of  a  correlator  v/ith  a  multiplier  or  after  the  summation  process 
were  conducted  to  the  input  of  the  nonlinear  element  of  a  functional 
correlator.  The  nonlinear  element  was  a  series-connected  point- 
contact  semiconductor  diode  and  a  resistance  load.  The  type  of 
diode,  load  resistance,  and  insignificant  forward  diode  Mas  were 
selected  with  the  intention  of  obtaining  an  Inertialess  nonlinear 
characteristic  when  v  =  1. 


The  measured  output  signal/noise  ratio  of  the  functional 
correlator  in  the  absence  of  signal  delay  relative 'to  the  reference 
voltage  was  4 . o  dB  higher  than  for  the  ideal  correlator  with 
analogous  parameters  (oscillatory  power,  averaging  time,  etc.). 

This  confirms  the  above  deduction  that  in  the  absence  of  extraneous 
noise  the  output  signal/noise  ratio  of  a  functional  correlator 
with  a  nonlinear  element  when  v  =  1  can  be  5.8  dB  better  than  that 
of  iii  ideal  correlator. 

From  relationship  (4.16)  it  follows  that  the  amplitude  of  the 
harmonic  component  of  the  output  voltage  of  a  functional  correlator 
when  v  =  1  is  equal  to 


I' 2* 


r,  (-O 


an  i  ho:  net  depend  cn  the  power  of  the  reference  voltage.  This 
property  io  useful  in  correlation  measurements,  since  the  power 
change  in  the  reference  voltage,  which  develops  when  the  delay  line 
io  switched  (due  to  an  unsteady  transmission  coefficient)  does  not 
affect  (or  only  slightly  affects)  the  reference  accuracy  of 
correlation  function  values.  Tal le  4.4  gives  the  experimental 
result  for  the  studied  unit. 


Tal  le  4.4.  It  is  interesting  to 


•.  |B| 

2 

1 

0.6 

0.4 

0.2 

o.i  study  th^  behavior  of  self- 

A  |jili| 

0 

0 

0 

-0.2 

-l.l 

_2,s  noise  In  correlators  as  a 

function  of  signal  delay  relative 
to  the  reference  voltage. 

Theoretically  this  dependence  is  obtained  from  a  rather  ponderous 
expression  (4.23).  Figure  4.4  shows  the  results  of  experimentally 
measuring  the  relative  spectral  Intensity  of  self-noise  in  a 
functional  correlator  for  the  intermediate  frequency  range  as  a 
function  of  delay. 
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Fig.  4  .  it .  Relative  spectral 
intensity  of  self-noise  in  a 
correlator  with  a  multiplier 
.net  depend  on  signal  delay. 
[£h  =  dB]  . 


does 


These  results  confirm 
the  advantage  of  using 
functional  correlators  of 
the  given  type  in  radio 
electronic  systems.  They 
can  be  used  in  developing 
specific  devices. 


FIFTH  CHAPTER 


NOISE  CHARACTERISTICS  OF  FUNCTIONAL 
CORRELATORS  BASED  ON  NONLINEAR 
ELEMENTS  WITH  AN  EXPONENTIAL 
CHARACTERISTIC 


5.1.  REGULAR  VOLTAGE  COMPONENT 
AT  CORRELATOR  OUTPUT 

Let  us  evaluate  the  effectiveness  of  a  functional  difference 
frequency  correlator  In  which  a  nonlinear  device  with  an  exponential 
characteristic  is  used  in  place  of  the  multiplier.  The  original 
premises  and  proposals  concerning  the  nature  of  the  signals, 
assumptions,  symbols,  and  method  of  analysis  are  all  analogous  to 
those  formulated  in  §§  2.2,  *1.1,  and  4.2. 

This  problem  should  be  studied,  since  elements  and  devices 
which  have  an  exponential  characteristic  are  widely  used  and  since 
the  properties  of  a  functional  correlator  in  this  case  are 
different  from  the  properties  of  correlators  of  the  v-th  power. 

A  nonlinear  device  can  simply  be  regarded  as  a  diode  whose 
volt-ampere  characteristic  within  the  limits  of  a  certain  input 
voltage  range  can  be  described  with  sufficient  accuracy  by  the 
dependence  [29]  I  =  Ig(evu  -  1).  Let  us  examine  the  noise 
characteristics  of  a  functional  correlator  with  a  nonlinear  element 
in  which  the  output  voltage  is  proportional  to  the  current  which 
flows  through  the  semiconductor  diode,  i.e., 


13^ 


2=a(cr>'— I). 


(5.1) 


The  regular  output  voltage  component  is  determined  by  averaging 
the  response  of  the  nonlinear  element  for  the  set 


e(/)— a(e,'|r  tn  —  I).  (5.2) 

The  statistical  average  of  ev^  is  found  by  means  of  the  expression 
for  the  unidimensional  characteristic  function  of  the  random 
process  y(t),  which  has  a  normal  distribution  [2^] 


If  we  consider  (^.9)  and  (Jj.10)  and  use  the  Jacobi-Enger  expansion 
[U,  P.  333  ] 


exp  (2  cos  6)—  V  tm/mfr)  cos/n$. 

m~-0 


where 


(I  npii  in  —  0, 

2  npii  in  - 1,  2.  3, ... 

[npH  =  when] 

T  (z)  is  the  modified  Bessel  function,  we  get 
m  ’ 


tmlm  |" Y*  r«(Tj)J  COS /«(«,/  C,(t,)l.  (5.3) 

ffi'O  J 


2  n  n 

Here  we  have  y‘  =  v‘ o'.  . 


L  3h 


For  small  values  of  the  argument  the  following  asymptotic 
representation  of  modified  Bessel  functions  is  valid  [42,  p.  248]: 


>M) «  rirni  (t)  nPM  °< *  <  '• 

[ripn  =  when] 

Then,  when  y\r,  (t,)  <  I  the  regular  component  of  the  response  of 

the  nonlinear  element,  taking  into  account  terms  with  an  order  of 

smallness  no  less  than  a  /a  will  have  the  form  of 

c  r 

*V)~-a  I  -J* Y V‘/?  r, (tj) X 

X  cos  |«»w/  —  mvy,  —  (t ,)|  | . 


Thus,  when  a  weak  signal  and  reference  voltage  have  a  combined 
effect  on  a  nonlinear  element  with  an  exponential  characteristic, 
a  regular  voltage  component  of  Intermediate  frequency  is  obtained 
at  the  output,  whose  amplitude  is  proportional  to  the  envelope  of 
the  cross-correlation  function  of  the  signal  and  reference  voltage. 
Tills  result  is  analogous  to  that  obtained  in  the  preceding  chapter. 
Let  us  find  this  regular  voltage  component  at  frequency  by  using 
relationships  (5.2)  and  (5.3)  and  by  assuming  arbitrary  signal 
amplitude 
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(■ 


4 


X 


x  /.  [r  ^ c^)] cos  w  ~  —  c.  K)i- 


If  the  correlation  coefficient  is  measured  from  the  amplitude  of 
the  regular  component  of  frequency  u)q  ,  then  relative  error  in 
measuring  the  correlation  function  determined  by  formula  (4.17)  is 
expressed  as 
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Fig.  5.1.  Nonlinear  error  of 
measuring  correlation  function 
for  nonlinear  levice  with 
exponential  characteristic. 


Figure  5.1  shows  measurement 
error  found  using  this  formula. 
This  error  diminishes  rapidly  as 
the  power  of  the  signal  decrease 
and  does  not  exceed  3$  when 
y2 ac/°r  1  °*  5. 

5.2.  Signal/iJoise 
Ratio  at  Correlator 
Output 

Let  us  find  noise  intensity 


at  the  correlator  output.  For 

this  purpose  we  will  calculate  the  correlation  function  of  voltage 
at  the  output  of  the  nonlinear  element  from  our  knowledge  of  the 
response  to  the  input  effect.  If  we  consider  the  presence  of  the 
nor.stationary  connection  between  the  signal  and  reference  voltage, 
then  the  function  must  be  time-averaged.  We  get  the  following 
expression  for  the  time-averaged  value  of  the  correlation  function: 


«.«•»<'”>>  +  I ). 


(5. JO 


If  we  time  average  the  expression  (5.3)  and  consider  our  assumption 
of  smallness  for  the  signal  and  noise,  we  get 


_  r('*T4f) 

<  er,r  <f,>  =  e  '  '  X 

i* 


(5.5) 
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Similarly  we  also  get 


<e**<iM>>  =  eiV*  (5.6) 

If  we  use  the  two-dimensional  characteristic  function  of  the 
normal  random  process  y(t)  [24,  p.  24 31  and  consider  (4.8),  (4.9), 
and  (4.10),  then  we  find 


In  averaging  this  expression  with  respect  to  time  we  use  the 
expansion  for  exponential  time  functions  in  series 


In  averaging  let  us  retain  only  those  terms  which  have  an  order  of 

2  2  2  2 

smallness  of  no  less  than  o  /o  and  o  /c  .  As  a  result  we  get 
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,  ill  fill  I 


Assuming  that  uiQ  <<  toc,  we  separate  the  individual  components 
corresponding  to  the  low  and  intermediate  frequency  ranges.  Then 
the  time-averaged  autocorrelation  function  of  the  response  of  the 
nonlinear  element  (5.4)  with  (5.5)  and  (5.6)  considered  will  have 
the  form  of 

==  Rc *  4“  R*a  Roc. 


where  we  have  : 


/?M=«s(l-2etV,)  +  ase’,/#|YVf(t)|; 

(5.7) 

—  a'e’V  --  / ,  |/Vr  (t)J  rm  (t)  X 
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(5.8) 

Roc  =  a’o1  V  ~  U'r[  (t,)  /,  |  f*r,  (t)j;cos  «,t+ 

+  2/ ,  IyV,  (x)|  r,  (x)  cos»,  t+  ( 7,  l  Y'rf  (x)|  r,  (t, — t)  X 

X  K  *)  cos  [•,*•  (^j  *)  (t,  4  T)l  4- 

+ Y*/ .  |Y%  (')| l^)  r,  (t  4- 1,)  cos  [»,x  4-  C,  (t,)  4- 
+ C,  (t  4-  x,)J  4-  f  */ ,  |(Vr  ( x  >1  r ,  (x,)  r,  (x,  - 1)  X 
x  cusi*,x4-;i(x,  -x>— c.M}. 

(5.9) 

In  estimating  the  effectiveness  of  the  functional  correlator 
let  us  limit  ourselves  to  the  case  where 


t,=0.  <1)U!-Mc.  rr(T)  =rc(x)  =r,(x)=r(T).  (5.10) 

Then,  if  we  write  the  moc  'fled  Bessel  functions  in  the  form  of 
series  [42,  p.  27] 


/  #*»_/_*_ y  V  {t  2)" 

2 )  ukn (*  +  *+ 1> 
*=# 


and  use  recurrent  relationships  [42,  p.  248],  then  for  the  energy 
spectra  corresponding  to  the  correlation  functions  of  (5.7),  (5.8) 
and  (5.9)  we  get  the  following  expressions: 
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(5.11) 
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where  6(f)  is  the  delta- function  of  Dirac; 


,nStm  (/)  =  J  r*-  1  (t)  r„  (t)  e“Wl  rfx. 


(5.12) 


(5.13) 


On  the  basis  of  these  expressions  the  signal/noise  ratio  at  the 
output  of  a  narrow-band  averaging  filter  engaged  after  the  nonlinear 
element ,  will  be 
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where  E  is  the  effective  pass  band  of  the  averaging  filter  of  a 

V 

functional  correlator,  determined  by  relationship  (2.8). 


For  an  ideal  difference  frequency  correlator  based  on  pure 
signal  multiplication  the  output  signal/noise  ratio  is  determined 
by  relationship  (2.7).  Let  us  give  expression  (5.1*0  a  form  which 
is  more  convenient  for  comparison 


,(£)..=£Hi+4)IA(0'+ 

+  .5.  (2/.l|  +  ?  -jf  |aSMU  (0)  +  ,Srui  (2/.)J  J 
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(5.16) 


(5.17) 

(5.18) 


The  introduced  loss  coefficients  for  the  functional  correlator  p, 
X,  8  have  the  same  physical  content  as  in  the  problem  for  the 
correlator  of  the  v-th  power  (see  Chapter  *1). 


The  relationships  which  we  have  obtained  depend  on  the  shape 
of  the  energy  spectra  of  the  signals  and  parameter  y  =  vcr,  i.e., 
on  the  characteristic  of  the  nonlinear  element  and  the  power  of  the 
reference  voltage. 
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5.3.  EFFECTIVENESS  OF  FUNCTIONAL 
CORRELATOR 

In  order  to  estimate  the  effectiveness  of  the  correlator  we 
examine  loss  coefficients.  Loss  coefficient  6  is  analyzed  for  two 
cases . 


1.  The  spectrum  of  extraneous  noise  is  much  wider  than  that 
of  the  signal.  For  this  case,  as  shown  in  §  4.4, 


and  the  expression  for  coefficient  6  based  on  (5.18)  will  have  the 
form 


«!  {n  +  I)! 


(5.19) 


The  dependence  of  loss  coefficient  6  on  parameter  y  is  shown  in 
Fir.  5.2  (curve  a) . 


Fig.  5.2.  Loss  coefficient 
6  as  a  function  of  the  form 
of  a  nonlinear  device 
characteristic:  a  -  maxi¬ 
mal  value;  I  -  spectrum  in 
the  form  of  frequency  char¬ 
acteristic  of  band-pass 
filter;  II  -  rectangular 
signal  spectrum;  III  - 
spectrum  in  the  form  of 
frequency  characteristic  of 
oscillatory  circuit. 


2.  The  energy  spectra  of  the  extraneous  noise  and  the 
signal  are  identical. 


In  a  case  where  rm(x)  =—r(x).  :»S,ui(/) -mSe(/)  ,  from  expression  ( 5 . 1 8 ) 
we  get 
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(5.20) 


•«+A  (Q)*~f~  iniAl-M 

p  ^  U  <«  +"**  '  A  (")  +  A  (*/.) 


In  practical  di f ference-frenuency  correlator  systems  intermediate 
frequency  fn  is  selected  t r  e  much  wider  than  the  energy  spectrum 


of  the  reference  voltage. 


this  case 


tn+»Se(2jt)  <£2B+|Se(0) 


and  loss  coefficient  B  can  be  represented  in  the  form  of 


ir+V#- 


(5.21) 


In  the  case  of  an  energy  spectrum  such  as  that  in  the  uni- 
dimensional  oscillatory  circuit  we  get: 


m4  AW  1 
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li  +  nir  “(t’)  ^ 


(5.22) 


For  a  rectangular  energy  spectrum  or  an  energy  spectrum  such 
as  that  of  the  band-pass  filter  the  values  of  the  loss  coefficient 
are  found  by  adding  the  first  four  terms  of  the  series  (5.21). 

This  approximation  is  possible  for  a  range  of  y  values  from  0  to  2.0, 
where  the  series  converges  very  rapidly.  Since  2n+2^c^  —  2^(0), 
then  the  maximal  value  of  (5.21)  is  determined  by  a  series  with 
majorized  terms 


-  (x)” 

nTpr+Tjr= 


which  corresponds  to  the  expressions  of  (5.19)  for  a  loss  coefficient 
in  the  case  of  wide-band  extraneous  noise.  Figure-  5.2  shows  the 
graphic  dependences  of  loss  coefficient  6  on  parameter  y.  From 
this  figure  it  follows  that  coefficient  6  beginning  at  a  certain 
value  of  y  _>  1.2  increases  very  rapidly,  which  leads  to  an  abrupt 
decline  in  the  output  signal/noise  ratio. 

Let  us  examine  loss  coefficient  X.  Assuming  that  the  inter¬ 
mediate  frequency  is  sufficiently  high  in  comparison  to  the  width 
of  the  reference  voltage  energy  spectrum,  then  from  (5.17)  we  get 
the  following  expression: 


1 


T«  VmAW 
2/1  +  2;  .MO)  ‘ 


(5.23) 


The  dependence  of  X  on  parameter  y  for  the  three  types  of  energy 
spectra  plotted  from  formula  (5.23)  is  shown  in  Fig.  5.3. 


Fig.  5.3.  Dependence  of 
loss  coefficient  X  on  the 
form  of  the  character¬ 
istic  of  the  nonlinear 
device:  I  -  rectangular 
signal  spectrum;  II  - 
spectrum  in  the  form  of 
frequency  characteristic 
of  band-pass  filter;  III  - 
spectrum  in  the  form  of 
frequency  characteristic 
of  oscillatory  circuit. 


The  maximal  value  of  series  (5.23)  can  be  found  by  means  of 
a  series  with  majorized  terms 

.  /xy 

=  "„;jT  -  +2^)  +  —  *• 
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The  values  of  X  obtained  from  this  curve  when  y  _>  2.0  are  very 
high  because  of  the  great  weight  acquired  by  second-order  terms. 

Let  us  examine  loss  coefficient  y.  From  (5.16)  and  (5.17)  we 
get  the  following  expression  for  the  case  of  great  frequency 
intervals : 


For  an  energy  spectrum  such  as  that  of  the  single  oscillatory 
circuit  we  have 


lx.)  __  n 

A  «•  +  **  • 

-  (£)"" 

Sv  2  /  i 

■<r-ri>r«r  •  •  ( 5 . ) 

where  xn  *  fQ/Af  is  normalized  Intermediate  frequency.  As 
intermediate  frequency  increases  the  sum  of  series  (5.24)  approaches 
the  value  of  the  series  with  majorized  terms 


(5.25) 


Figure  5.4  shows  loss  coefficient  y  as  a  function  of  the 
normalized  frequency  and  parameter  y  for  the  three  energy  spectra 
of  the  signal.  The  calculations  were  made  according  to  formula 
(5.16)  with  the  four  terms  of  the  series  considered.  The  value 
of  loss  coefficient  y  for  an  energy  spectrum  such  as  that  in  the 
single  oscillatory  circuit  at  high  normalized  frequency  values  is 
shown  as  dashed  lines.  No  expression  was  obtained  for  loss 
coefficient  y  in  a  closed  form  for  a  rectangular  energy  spectrum 
or  a  spectrum  such  as  that  of  the  band-pass  filter.  For  the 
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band-pass  filter  type  of  energy  spectrum  we  can  assume  that  the 
future  behavior  of  the  curves  in  Fig.  5*4  can  also  be  determined 
by  the  asymptotic  curves. 

M 
t0m* 

tO'1 

to' 

to'* 

to'* 

Fir.  5.4.  Loss  coefficient  p  as  a  function  of 
the  difference  frequency  value  and  the  charac¬ 
teristic  of  the  nonlinear  device:  I  -  rec¬ 
tangular  signal  spectrum;  II  -  spectrum  in  the 
form  of  difference  characteristic  of  band-pass 
filter;  III  -  spectrum  in  the  form  of  differ¬ 
ence  characteristic  of  oscillatory  circuit. 


5.4.  SELECTING  PARAMETERS  AND 
ELEMENTS  IN  SIMPLEST  FUNCTIONAL 
CORRELATORS 

The  number  of  functional  correlator  parameters  which  can  be 
varied  as  the  system  is  being  constructed  might  include  selection 
of  the  nonlinear  element  depending  on  the  form  of  its  characteristic 
and,  in  a  number  of  cases,  selection  of  the  difference  frequency 
on  which  the  regular  component  at  the  correlator  output  is  separated. 
The  correlator  parameters  should  be  selected  to  reduce  as  much  as 
possible  the  effect  of  extraneous  noise  on  work.  The  parameters 
can  be  selected  on  the  basis  of  relationships  (4.13)-(4.34)  and 
(5.15)— (5*18) . 


When  the  spectral  density  of  the  signals  has  a  fixed  form, 
intermediate  frequency  fQ  must  be  selected  such  that  losses  in  the 
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signal/noise  output  ratio  from  the  detected  noise  of  the  reference 
voltage  are  small.  From  relationships  (4.31)  and  (5.15)  it  is 
apparent  that  the  magnitude  of  coefficient  u,  which  depends 
primarily  on  the  intermediate  frequency  value,  should  satisfy  the 
inequality 


If  the  signal  is  very  low  in  power,  then  we  must  select  a 
hirh  intermediate  frequency  in  order  to  fulfill  this  inequality, 
which  is  not  always  possible  in  a  wide  signal  spectrum.  In  this 
case  the  use  of  balanced  systems  (see  §  2.3)  is  of  particular 
interest.  In  the  output  oscillation  of  an  ideal  balanced  system 
there  are  no  harmonic  components  on  the  reference  voltage  frequency 
or  its  harmonics.  In  an  actual  balanced  system,  due  to  the  fact 
that  the  characteristics  of  the  nonlinear  element  are  not  Identical, 
the  transformers  are  asymmetrical,  etc.,  these  harmonic  components 
are  present,  although  weakened  by  a  factor  of  p  (where  p  is  the 
suppression  coefficient  in  the  balanced  system).  In  balanced 
systems  In  which  special  control  [tuning]  elements  are  used  the 
suppression  coefficient  can  be  brought  to  within  50-60  dB  [63]. 

Thus,  in  a  correlator  which  is  balanced  relative  to  the 
reference  voltage  the  noise  of  the  detected  reference  signal  and, 
consequently,  the  coefficient  of  losses  y  are  reduced  by  p  times. 
With  respect  to  the  input  signal  the  parallel  and  sequential 
balance  systems  (see  Fig.  2.7)  represent  "key"  systems  in  the 
presence  of  a  high  reference  voltage,  and  work  in  time  with  the 
reference  voltage,  which  corresponds  to  the  nonlinear  element  with 
a  characteristic  of  v  *  1. 

Thus,  in  calculating  the  output  signal/noise  ratio  of  a 
balanced  functional  correlator  we  can  assume  the  parameter  of  the 
nonlinear  element  to  be  v  *  1  and  the  value  of  v  to  be  reduced 
p  times. 
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In  functional  correlators  the^e  are  semiconductor  elements 
and  devices  whose  characteristic  can  be  approximated  with  a 
sufficient  degree  of  accuracy  by  power  and  exponential  functions. 

The  approximation  of  the  nonlinear  characteristic  of  a  semiconductor 
diode  by  an  exponential  dependence  (5.1)  is  correct  for  a  limited 
segment  of  the  change  in  input  voltage.  Thus,  the  relationship 
obtained  in  Chapter  5  will  be  valid  for  an  actual  system  with  a 
semiconductor  diode  in  a  limited  range  of  values  for  parameter  y. 
According  to  the  data  of  monograph  [29]  silicon  pulse  semiconductor 
diodes  have  a  region  of  the  dependence  of  (5.1)  in  an  input  voltage 
below  0.6  V  and  have  a  coefficient  of  v  *  20-25.  If  we  assume  that 
the  effective  value  of  the  gaussian  process  is  on  the  average  1/3 
of  that  of  the  greatest  peak  (which  is  correct  with  a  probability 
of  0.97),  then  we  find  that  the  relationships  derived  in  Chapter  5 
are  valid  for  an  actual  system  with  a  semiconductor  diode  when 
y  =  vo^  <_  4-5. 

Let  us  estimate  possible  losses  in  the  signal/noise  ratio  for 
a  segment  in  which  this  approximation  is  correct  for  the  semi¬ 
conductor  diode  characteristic,  namely  y  *  3.  In  actual  systems 
with  narrow-band  averaging  end  filters  the  energy  losses  of  the 
functional  correlator  can  be  determined,  if  the  intermediate 
frequency  Is  correctly  selected,  by  the  loss  coefficient  relative 
to  extraneous  noise.  For  "white"  extraneous  noise  when  y  *  3 
value  of  the  loss  coefficient  based  on  (5.19)  will  be  6  230.  This 
means  that  at  a  reference  voltage  power  corresponding  to  this 
value  of  y  the  energy  losses  of  the  output  signal/noise  ratio  of  a 
functional  correlator  will  be  24  dB,  which  is  not  permissible. 

As  the  reference  voltage  continues  to  increase  the  character¬ 
istic  of  the  diode  according  to  [29]  is  close  to  an  exponential 
function  with  an  exponent  of  3/2  and,  consequently,  it  is  better 
to  use  an  approximation  in  the  form  of  a  half-wave  characteristic 
of  the  v-th  power.  Hence  it  follows  that  in  an  actual  system  with 
a  semiconductor  diode  the  increase  in  the  loss  coefficient  occurs 
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only  up  to  a  certain  reference  voltage  power.  When  this  threshold 
value  is  exceeded  the  coefficients  either  remain  constant  or 
decrease  in  value.  For  this  reason  it  is  best  to  deliver  forward 
bias  voltage  to  the  semiconductor  diode  so  that  output  will  be  on 
the  desirable  part  of  the  nonlinear  characteristic. 

In  using  a  superhigh-frequency  diode  as  the  nonlinear  element 
we  must  keep  in  mind  that  the  characteristic  of  this  diode  is  close 
to  square  law.  Consequently,  if  the  intermediate  frequency  is 
sufficiently  high  we  need  not  expect  a  great  decline  in  the  signal/ 
noise  ratio  of  the  difference  frequency  functional  correlator 
as  compared  to  the  ideal  correlator. 
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SIXTH  CHAPTER 

EFFECT  OF  LINEAR  CHANNELS  ON 
CORRELATION  PROCESSING  OF  NOISE 
SIGNALS 


6.1.  ANALYSIS  OP  LINEAR 
TRANSFORMATION  IN  CORRELATED 
SYSTEMS 

Here  and  henceforth  we  attempt  to  study  the  effect  of  linear 
transformations  on  the  characteristics  of  a  correlated  system. 
Generalized  block  diagrams  of  correlated  systems  of  different  types 
(Fig.  3.3,  Fig.  3.8)  contain  a  filter  in  a  general  channel  and 
a  filter  In  correlator  channels  and  $2 •  There  is  no  filter 
In  systems  such  as  the  passive  radar  and  sonar  systems.  Signals 
and  noise  pass  along  two  channels  containing  filters  and 
to  the  correlator.  Systems  which  store  the  emitted  signal,  for 
example,  systems  such  as  the  correlated  radar  set,  have  filter  <J>g. 
In  addition,  the  channel  along  which  reference  voltage  is  supplied 
to  the  correlator  is  free  of  noise. 

After  the  presence  of  a  signal  has  been  detected  the  main 
problem  becomes  that  of  measuring  delay  time  of  the  signal  in  one 
channel  in  relation  to  the  other.  Let  us  study  the  effect  of 
linear  filters  and  <t>2  on  detecting  ability  in  measuring  delay  in 
a  correlated  system.  We  will  assume  that  filter  does  not 
introduce  distortion.  The  studied  problem  is  solved  by  means  of 
passive  correlated  systems  (see  §  3.2),  for  which  our  analysis  is 
also  made. 


150 


Figure  3*5  shows  the  generalized  block  diagram  of  a  correlated 
shift  meter  during  noise  signals  s^(t)  and  s2(t)  against  a  background 
of  extraneous  noises  n.(t)  and  n0(t),  which  are  uncorrelated  with 
each  other  or  with  the  noise  signals.  The  signals  and  the  noise 
are  added,  passed  through  the  selective  linear  devices  cn  and 
with  transmission  coefficients  K^(if  and  K2(if)  and  enter  the 
multiplier  input.  At  the  multiplier  output  averaging  is  done  by 
a  narrow-band  filter.  Let  us  designate  x^(t)  and  x^(t)  as  the 
studied  random  processes  s^(t)  and  s2(t)  transformed  by  the  filters; 
y1(t )  ,  y2(t)  -  interference  n^(t)  and  n2(t)  transformed  by  the 
filters . 

At  the  multiplier  output  we  get  the  process 
+iM0I*:(0  +iMt)]~XiXi+ytyi+xttji+x2yi. 

The  first  term  is  the  product  of  correlated  random  processes 
x^^  and  x2 ,  and  can  be  written  in  the  form  of  the  sum  of  the  regular 
and  fluctuating  components.  The  regular  component  determines  the 
value  of  the  correlation  function  of  random  processes  x.^  and  x^. 

The  fluctuating  component  represents  noise  at  the  output  of  the 
correlation  system,  which  is  caused  by  the  random  nature  of  the 
signals,  l.e.,  self-noise.  Usually  noise  of  this  type  is  ignored 
for  two  reasons : 

1)  the  band  of  the  averaging  filter  is  much  narrower  than  the 
energy  spectra  of  signals  at  the  output  of  the  linear  filters; 

2)  in  processing  weak  signals  the  power  of  the  self-noise  at 
the  output  of  the  averaging  filter  is  much  smaller  than  that  of 
extraneous  noise  and  interference. 

Considering  the  above  statements,  the  correlation  function  of 
a  random  process  at  the  multiplier  output  should  have  the  form  of 
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(6.1) 


+ = <„ + R„Rh + + # A* 


Let  us  calculate  the  first  term  under  the  assumption  that 
signals  s-^t)  and  s2(t)  differ  from  one  another  only  by  a  time 
shift,  i.e.,  s^Ct)  =  s^(t  -  t).  Let  us  represent  an  input  signal 
periodically  extended  in  an  interval  [0,  T]  in  the  form  of  the 
Fourier  series  : 


e„cos  (2n/„f 

flat 


(6.2) 


where 


/» 5=3  nf»  =  -jr  • 

while  amplitudes  en  and  phases  #n  are  random  quantities. 

It  has  been  shown  [35]  that  if  we  examine  a  group  of  occurrences 
then  phase  angles  <f>n  and  amplitudes  en  are  independent  quantities. 
Here 


« 


where  0(fn)  is  the  spectral  density  of  signal  power  calculated  for 
positive  frequencies. 

If  we  consider  (6.2),  then  the  signals  at  the  linear  filter 
outputs  can  be  represented  in  the  form  of: 


where  p  is  an  index  equal  to  1  or  2  for  the  channel  of  filter 
or  $2*  respectively;  Kp(f),  4>p(f)  are  the  amplitude-frequency 
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and  phase-frequency  characteristics  of  linear  filters  and 
(for  corresponding  subscripts). 

The  constant  voltage  component  at  the  multiplier  output 
depends  on  the  delay  and  is  determined  by  the  value  of  the 
correlation  function  of  processes  x^(t)  and  X£(t): 

m 

*<*  ~ :  J  G  V*)  </•>  K>  (fn)  T  C«  l2*/-’  + 

+fM-fAt»)  I- 


In  directing  the  period  for  achieving  T  toward  infinity,  we  come 
to  the  following  integral  relationship: 


-  J  0  (/)  Kt  (/)  K ,  (/)  cos  [2*h+f,(f)  (/))  df. 


Mote  that  if  the  spectra  of  studied  signals  are  shifted,  then  at 
the  multiplier  output  we  will  have  harmonic  voltage  and  it  will  be 
necessary  tc  engage  the  intermediate  difference  frequency  filter. 

It  is  evident  that  if  the  signal  which  is  delayed  for  time  t 
is  signal  s-^t),  then  this  can  be  considered  in  the  above  equality 
by  reversing  the  sign  of  x.  Further  calculations  are  reduced  to 
integration  on  the  plane  of  the  complex  variable,  and  this  sign 
change  proves  to  be  essential  in  the  selection  of  the  integration 
contour.  Henceforth  we  will  assume  everywhere  that  the  delay  is 
positive,  and  the  expression  for  the  correlation  function  will  be 
represented  in  the  form  of 


?,  if)-?,  if) 
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where  R^2(t)  is  the  constant  component  of  the  output  voltage  of 
the  multiplier  if  signal  s^(t)  is  delayed  by  time  T  relative  to 
S2(t);  is  the  same,  although  signal  s2(t)  is  delayed  by 

time  t  relative  to  s^(t). 

If  the  energy  spectrum  of  the  input  signal  is  much  wider  than 
the  pass  band  of  the  linear  filters,  i.e.,  if  in  the  filter  band 
G ( f )  *  Gq ,  then  the  normalized  cross-correlation  function  of 
random  processes  x^(t)  and  x2(t)  based  on  (6.3)  can  be  written  in 
the  form  of 
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where  and  o^  are  determined  by  the  relationship 
when  the  index  is  equal  to  1  or  2. 


It  is  obvious  that  when  K^df)  ■  K2(if)  the  relationships  of 
(6.4)  give  us  the  expression  for  an  autocorrelation  function  of  a 
linear  filter  excited  by  white  noise. 


Let  us  assume  that  random  processes  s^,  s 2,  n^,  n2  are  "white” 
noises  with  spectral  power  densities  ■  Sg2  •  Sc,  Sn^  *  Sn2  *  S^. 

Signals  s^(t)  and  s2(t)  differ  by  a  time  shift  of  t  .  Then,  on 
the  basis  of  (6.3)  and  (6.4)  the  separate  terms  of  (6.1)  will  be 
equal  to  , 

Rg,*,  ~  ^«,iVn  I'i)* 

R„t  =  S«i,  r,  4t),  Rtt  =  Se3j  r,  (t),  =  Sm3,  r,  (')• 

Rg,  ~  •Sul**  t ,  (t), 


where  and  a2  are  the  dispersions  of  the  noise  processes  at  the 
outputs  of  filters  and  $2  excited  by  "white"  noise  of  a  single 
spectral  intensity;  r^(x),  r2(i)  are  the  normalized  autocorrelation 
functions  of  the  noise  processes  at  the  outputs  of  filters  and  <t>2, 


respectively,  when  these  filters  are  excited  by  "white"  noise; 
r  (t  )  is  the  value  of  the  normalized  cross-correlation  function 

B3  3 

of  processes  x^(t)  and  x2(t),  which  is  determined  by  formula  (6.*0 
for  delay  t  *  t  . 

Considering  this  assumption,  relationship  (6.1)  will  have  the 
form  of 


/?,  -■=  l SV  (*,)  +  (S*  +  2SCS1U)  r,  (x)  r , («)]. 


and  the  corresponding  energy  spectrum 


S'W  =  *1  15>;,  (' •>) 8  </>  +(5*  f  2SrS,„)  j  r,  (*)  r,  ft)  X 
Xe  n'"d-. ). 


Obviously  the  spectaal  power  density  of  the  noise,  which  is 
determined  by  the  second  term  of  the  expression  in  brackets,  will 
have  an  almost  constant  quantity  within  the  limits  of  the  pass 
band  of  the  narrow-band  averaging  filter,  which  has  a  maximal 
transmission  coefficient  in  the  zero  (or  dl  f^rence)  frequency 
range.  Then  the  signal/noise  ratio  at  the  output  of  the  averaging 
filter  will  be  equal  to 


Pr _ _£c _ '!,(**) _ 
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(6.5) 


m 

where  By  —  ~°*  -  is  the  effective  band  of  the  averaging  filter. 

•  <»III 


The  obtained  relationships  are  then  used  to  analyze  the 
properties  of  correlation  systems  with  linear  filters  of  different 
types . 
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6.2.  CROSS-CORRELATION  FUNCTION 
OF  PROCESSES  AT  OUTPUTS  OF  n-STAGE 
LINEAR  FILTERS 

Let  us  calculate  the  normalized  cross-correlation  function  of 
voltages  -’t  the  output  of  linear  devices  whose  transmission 
coefficients  are  analogous  to  n-stage  resonance  amplifiers  with  a 
single  circuit,  adjusted  to  the  same  frequency  for  all  stages, 
i  .e.  , 


Mi/;= [i \ 

where  p  1 _•  an  index  equal  to  1  or  2;  f^  and  f^  are  the  central 
frequencies  of  the  filters;  and  are  the  pass  bands  of  each 
stage  at  a  level  of  -3  dB. 

It  is  very  tempting  to  use  the  mathematical  integration 
apparatus  on  the  plane  of  the  complex  variable  in  calculating  the 
cross-correlation  function  of  (6.4).  Here,  however,  we  must 
consider  certain  fine  points  associated  with  approximate  expressions 
used  In  radio  engineering  for  the  transmission  coefficients  of 
linear  filters.  The  complex  transmission  coefficient  for  a  linear 
circuit  should  satisfy  the  relationship 

*(-»/)  -/CM. 


The  approximate  expressions  above  for  transmission  coefficients 
of  n-cascade  linear  amplifiers  do  not  satisfy  these  requirements 
for  a  complex  transmission  coefficient.  In  order  to  solve  the 
problem  of  using  an  approximate  expression  for  the  transmission 
coefficient  which  would  be  valid  for  the  positive  frequency  range, 
let  us  represent  relationship  (6.4)  in  another  form.  Note  that 
in  the  case  of  narrow-band  linear  filters  and  the  lower 
limits  in  the  integrals  of  (6.4)  can  be  assumed  infinite.  Then 
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where  o^,  are  equal  to  when  p  *  1 ;  2 . 


For  the  sake  of  abbreviation  we  write 
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We  will  use  the  first  of  these  integrals  to  demonstrate  our 
calculation  method.  After  substituting  the  value  of  the  transmission 
coefficients,  we  get 


/,„Re(  «£.)•* 


X  I 


In  integrating  on  the  complex  frequency  plane  we  form  a  contour 
consisting  of  the  real  axis  and  a  semicircle  with  an  infinite 
radius  in  the  lower  half-plane.  Then,  according  to  the  Jordan 
lemma  the  integral  for  an  arc  with  an  infinite  radius  is  equal  to 
zero,  while  the  unknown  integral  according  to  the  Cauchy  theorem 
is  found  from  the  sum  of  remainders  for  the  bands  in  the  lower 
half-plane : 
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If  we  use  the  Leibniz  formula  to  calculate  the  derivative  of  the 
product,  we  get 


+  —  i  )*  \ «,  +  AT  /  * 

Xc<»  +/)  arcttffijffij. 


(6.7) 


According  to  (6.6)  the  power  of  the  noise  process 
of  filter  is  found  from  (6.7)  when  f^  *  f 0 ,  B^ 
Then  we  get 


at  the  output 

-  Bp ,  t  *  0 . 
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(6.8) 


Integral  Ip  is  calculated  analogously,  except  that  the  Inte¬ 
gration  contour  consists  of  the  actual  axis  of  the  frequencies  and 
the  semicircle  of  infinite  radius  in  the  upper  half-plane.  The 
calculations  give  us 
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(6.9) 

(6.10) 


If  we  substitute  the  found  quantities  in  (6.6)  and  designate 


_ A  +  A.i_* -  A 

ff==-T--' a=ag-* 


(6.11) 
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then  for  the  normalized  cross-correlation  function  of  random 
processes  at  the  outputs  of  n-stage  linear  amplifiers  we  get 
relationships : 


)  (.  —  !)■«•  —  *  .. 

f  /,)s=c- *««/(!+•»  J2-'**' (2.-2)!  (!+«)••-»* 
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cos  |2»/,t +  («  +  /)  arctg  6J  j  t 
cos[2*/,i-(rt-f-/)arcig6|  j 


(6.12) 


where  /+=(/i+i—l); /-=»(«— /—l). 


From  these  relationships  when  f^  *  f^  *  f^ ,  a  =  1 ,  b  *  0 , 
*  B2  »  B  •  c  we  get  the  expression  for  the  normalized  auto¬ 
correlation  function  of  the  noise  process  at  the  output  of  an 
n-stage  resonance  amplifier  excited  by  "white"  noise: 


'  <-•)=, £e!ijr  fj  Tirr  <2'  hi  «/• 1,1  *  cm  2./.,. 
1-0 


(6.13) 


Now  let  us  examine  correlation  systems  whose  linear  blocks  have 
nonidentical  characteristics. 

6.3.  EFFECT  OF  NONIDENTICAL 
CHARACTERISTICS  OF  LINEAR  DEVICES 
ON  THE  SHAPE  OF  THE  CROSS-CORRELATION 
FUNCTION 

The  noise  processes  at  the  outputs  of  linear  amplifiers  can 
be  considered  narrow-band.  Thus  it  is  logical  to  write  the 
relationships  of  (6.12)  so  that  they  will  be  represented  in  the 
form  of  the  product  of  the  envelope  times  the  cosinusoidal  function. 
If  we  arrange  the  cosinusoidal  factors  in  (6.12)  according  to  the 
formulas  for  the  sum  and  difference  of  the  angles  and  use  the 
expressions  for  trigonometric  functions  of  multiple  arguments  in 
terms  of  the  powers  of  these  functions  [13,  p.  *J1],  we  get: 
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According  to  this  it  is  the  envelope  which  is  of  the  greatest 
interest,  since  the  information  contained  in  the  "high-frequency” 
filling  of  the  cross-correlation  function  has  no  practical  use. 
Below  analytical  expressions  are  given  for  the  envelopes  of  cross¬ 
correlation  functions  obtained  for  particular  cases  from  these 
relationships . 


1.  Single-stage  resonance  amplifiers  (n  *  1) 


'3M-*  I  !£* 

-'_L!  (H-fl)KH-*1 

rai(t)=«  177 


where  we  have  x  =  2tttc. 

Calculations  made  from  these  relationships  for  certain 
coefficient  values  of  band  a  and  for  the  shift  in  resonance 
frequency  b  are  shown  in  Figs.  6.1  and  6.2.  In  these  figures, 
as  well  as  all  subsequent  figures,  values  of  r^01"  tc  the 
right  of  axis  x  ■  0,  curve  is  plotted  to  the  left  of  this 

axis.  It  follows  from  the  figures  that  the  envelope 

1)  retains  a  maximal  value  at  point  r  ■  0  at  any  values  of 
a  and  b ; 
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2)  has  no  derivative  in  the  case  of  zero  delay; 

3)  decreases  in  magnitude  but  does  not  change  its  shape  when 
there  is  only  a  mutual  displacement  in  the  resonance  frequencies 
of  the  amplifiers  (a  =  1,  b  «  var)  ; 

becomes  asymmetric  with  respect  4  zero  delay  when  the  pass 
bands  of  the  linear  amplifiers  differ  one  another  (b  ■  0, 

a  =  var) . 


Fir.  6.1,  Envelope  of  cross - 
correlation  function  (linear 
distortions  created  by  single¬ 
stare  resonance  amplifiers). 


Fig.  6.2.  Envelope  of  cross¬ 
correlation  function  (linear 
distortions  created  by  single- 
stage  resonance  amplifiers). 


2.  Two-cascade  resonance  amplifiers  (n  *  2) 


w4|fi»»K  x'(l  +  6*)  +  4«  +  4 


In  Figs.  6. 3-6. 8  the  envelopes  of  the  cross-correlation  functions 
for  n  *  2-^4  are  plotted  for  certain  coefficient  values  of  band  a 
and  for  the  shift  in  resonance  frequency  b.  Based  ?n  these  graphic 
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Fig.  6.8.  Envelope  of  cross- 
correlation  function  (linear 
distortions  created  by  four-stage 
resonance  amplifiers). 

dependences  and  the  study  of  the  envelopes  the  following  conclusions 
may  be  drawn  regarding  the  nature  of  the  envelopes  of  the  cross¬ 
correlation  function  when  n  _>  2 : 

1)  The  envelope  has  a  rounded  peak  at  the  point  of  maximum 
correlation ; 

2)  the  appearance  of  just  one  mutual  shift  in  the  resonance 
frequencies  leads  to  a  decrease  in  the  values  of  the  cross¬ 
correlation  function  and  to  a  considerable  "flattening"  in  the 
curve  in  the  region  of  maximum  correlation.  In  the  case  of 
significant  maladjustment  (b  >  1)  the  envelope  has  a  slight  two¬ 
humped  nature  ; 

3)  if  the  pass  bands  are  nonidentical  (a  ^  1),  this  leads  to 
a  shift  in  the  maximum  of  the  envelope  along  the  X-axis  and  to  its 
asymmetry  relative  to  the  coordinate  maximum. 

4)  At  any  values  of  nonidentical  pass  band  coefficient  a  or 
resonance  frequency  shift  coefficient  b  within  the  limits  of 

-1  <  b  <  1  the  envelope  has  a  single  peak  and  falls  asymptotically 
to  zero  as  delay  increases.  These  graphic  dependences  have  been 
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plotted  for  b  >  0  and  a  <  1.  This  was  determined  by  the  fact  that 
the  envelope  of  cross-correlation  function,  as  we  have  learned 
from  the  above  relationships,  is  the  mirror  [image]  of  the  Y  axis 
with  a  1/a  change  in  a  and  does  not  depend  on  the  sign  of  the 
coefficient  of  shift  in  resonance  frequency  b. 

6.4.  EFFECT  OF  NONIDENTICAL 
CHARACTERISTICS  IN  LINEAR  UNITS 
ON  ACCURACY  OF  MEASURING  DELAY 
AND  OUTPUT  SIGNAL/NOISE  RATIO 

The  shift  in  the  maximal  correlation  point,  which  is  caused  by 
nonidentical  characteristics  in  the  linear  units  of  a  correlation 
system,  leads  to  systematic  error  in  measuring  the  delay  of  noise 
signals  in  channels.  As  we  learned  from  the  materials  of  the 
preceding  section,  if  the  number  of  cascades  n  _>  2  and  the  pass 
band  of  the  filter  is  greater  than  pass  band  then  the  maximum 
of  the  envelope  will  be  observed  at  a  certain  additional  delay 
in  channel  <t>^.  The  magnitude  of  additional  delay  can  be  found  from 
the  graphic  dependence  of  Fig.  6.9,  which  shows  the  systematic 
error  of  measuring  delay  as  a  function  of  the  coefficient  of 
nonidentity  of  a  and  b.  When  a  >  1  the  maximum  of  the  envelope 
is  observed  at  a  certain  additional  delay  in  the  amplification 
channel  The  magnitude  of  additional  delay  may  be  found  by 

means  of  the  same  graph,  although  in  this  case  we  must  use  the 
reverse  quantity  for  the  coefficient  of  nonidentity  of  the  pass 
band.  As  already  mentioned,  when  n  ■  1,  there  is  no  systematic 
error.  This  is  a  "degenerate"  case,  as  it  were. 

Determining  the  signal/noise  ratio  at  the  output  of  the 
averaging  filter  [formula  (6.5)]  involves  calculating  the  integral 

M 

f 

where  r^(x)  and  ^(t)  are  the  normalized  autocorrelation  functions 
of  the  noise  processes  at  the  outputs  of  tt>  and  ,  respectively. 
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Fig.  6.9.  Systematic  error  of 
measuring  delay. 

By  means  of  relationship  (6.13)  we  get 


Jr,  (t)r,(t)rft=[igTr^.],X 
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X  |cos  2«  (/,-/,)  t  +  cos  2«  ( ft  +/,)*)  dt, 


where  k_*n-k-l,  k+*n+k-l. 

In  integrating  we  ignore  the  participation  of  the  second 
term  in  the  integrand,  since  Jn  view  of  the  narrow-band  nature  of 
the  linear  amplifiers  f1  +  f?  >>  B1  +  B2>  In  the  integral  we 
exchange  the  variable  z  =  +  B2).  Then,  considering  that  the 

integrand  function  is  even  and  preserving  the  system  of  coefficient 
designations  of  (6.11),  by  means  of  the  table  integral  [13,  p.  504] 
we  get 


(6.14) 
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where  pkZ  =  2n  -  k  -  l. 

The  signal/noise  ratio  at  the  output  of  the  correlation  system 

in  the  case  of  maximal  correlation  and  identical  characteristics 

in  the  linear  unit  (i.e.,  when  B,  *B_,Bcla«l,b*0  and  r  *  1) 

Id  0  3 

will  be  equal  on  the  basis  of  (6.5)  and  (6.14)  to 


(6.15) 


where 
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From  this  expression  it  follows  that  the  signal/noise  ratio  at  the 
system  output  is  proportional  to  the  ratio  of  mean  arithmetic 
band  pass  c  to  the  effective  band  of  the  averaging  filter  B  and 
the  square  of  the  signal/noise  ratio  at  the  input  (at  low  input 
signals  when  Sc  <<  S^) .  Coefficient  £  in  (6.15)  takes  into  account, 
depending  on  the  number  of  stages,  the  narrowing  in  the  band  pass 
of  an  n-stage  resonance  amplifier  as  compared  to  a  single-stage 
amplifier. 


The  signal/noise  ratio  at  t lie  output  of  an  averaging  filter 
in  the  case  of  nonidentical  parameters  in  the  linear  amplifiers 
will  be  represented  as  an  analogous  characteristic  in  the  case  of 
total  Identity  (6.15)  and  as  a  certain  loss  coefficient  <  as 
follows  : 
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(6.16) 


Loss  coefficient  tc  can  be  determined  from  equality  (6.16)  if 
we  consider  (6.5),  (6.14),  and  (6.15) 
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Note  that  loss  coefficient  <  depends  on  the  value  of  the  normalized 

p 

cross-correlation  function  r  ,  which  is  determined  by  delay  in 
the  noise  signal  of  one  channel  relative  to  another.  Detecting  the 
signal  and  measuring  delay  are  usually  done  at  a  maximum  value  of 
the  function  r  or  in  passing  through  the  maximum.  At  this  point 
it  makes  sense  to  find  the  signal/noise  ratio.  For  this  case 
Figs.  6.10  and  6.11  show  the  graphic  dependence  of  loss  coefficient 
k  on  the  number  of  stages  n  and  the  identity  coefficients  a  and  b. 
From  the  figures  it  follows  that  losses  in  the  signal/noise  ratio 
are  not  great,  even  when  there  is  considerable  nonidentity  in  the 
parameters  of  the  linear  units  of  the  correlation  system. 


Fig.  6.10.  Deterioration  in  signal/ 
noise  ratio  in  the  case  of  linear  dis 
tortions  in  the  studied  processes. 


Fig.  6.11.  Deterioration  in  signal/ 
noise  ratio  in  the  case  of  linear  dis¬ 
tortions  in  the  studied  processes. 
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The  obtained  relationships  can  be  used  to  determine  the 
requirements  of  linear  units  in  correlation  systems  and  to  analyze 
measurement  error. 

6.5.  MEASURING  CORRELATION 
FUNCTION  IN  THE  CASE  OF  DISTORTION^ 

IN  ONE  CHANNEL 

Let  us  examine  the  case  of  a  correlation  system  with  a  filter 
in  one  of  the  channels  of  the  correlator  (block  diagram  of 
Figs.  3.3  and  3.3)  which  has  a  transmission  coefficient  identically 
equal  to  one.  In  this  case  only  the  filter  in  the  second  channel 
will  affect  measuring  the  correlation  function  of  the  input  process. 
Such  operational  conditions  in  the  first  approximation  may  occur 
in  correlation  systems  with  memory  [storage]  such  as,  for  example, 
an  active  noise  radar  set.  The  recorded  signal  in  this  case  has 
great  intensity  and  is  not  subjected  to  substantial  transformations 
in  the  channel  prior  to  the  correlator. 

We  will  assume  that  the  studied  random  process  has  a  spectral 

density  with  a  shape  analogous  to  the  frequency  characteristic  of 

a  simple  oscillatory  contour  with  a  resonance  frequency  of  f^  and 

a  bandwidth  of  B  ,  i.e., 

c 

o<«=^!'+[^rr: 

/?(*)  =  e-' w  *'  co*  2*/^t. 

Let  us  examine  the  error  of  correlation  measurements  for  a 
case  where  filter  has  the  selectivity  of  a  simple  oscillatory 

c. 

circuit  with  resonance  frequency  and  band  pass  B^.  Quantity 

f  represents  a  shift  in  the  tuning  frequency  of  the  resonance 
amplifier  in  relation  to  the  middle  frequency  of  the  signal  spectrum. 
The  transmission  coefficient  of  the  filter  is  determined  by  the 
relationships 
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?.  (/)  =  arelg  8<f~^+,”). 

If  we  introduce  the  original  data  into  formula  (6.3)  and 
designate  B,~a„Bc,  f^-b^,  then  after  integrating,  for  the 

normalized  correlation  function  we  get  the  expression 

^•^{K  +  (a.-l)H]e— -X 

X  cos  2*/4t  -f  (2 bu  (aH  -  I )  -  bj  I|  c“""e  sin  2*/^}.  (6.18) 

rlt  =  {((a. -|  1)11-  2b\  J  c"M"*X 

X  cos  2*/u,  -j-  [2b„  (a.-f  l)  +  W  1|  e"”**  X 
Xsin2«/14t4-2(26j  -  ri)e""“*"*X 
Xcos2«(/14-/#4)t-  4 W"***X 
X*ln2«(/lt-/.JI)t). 

where  we  have  I1  =  &)+«J-I.  JL ~ 4*J -f- -f-a*  —  !)■.  Quantity  Kh  is  a 

normalized  factor  which  considers  the  deformation  of  the  energy 
spectrum  of  the  studied  voltage  by  filter  .  This  coefficient 
is  equal  to 


«.|2**  +  (<r,-l>n  * 


Let  us  analyze  the  individual  cases  of  distortion  under  the 

condition  that  the  frequency  sh^ft  f  =0.  Then 

ca 


’* = V ««  *•/««. 


ri»  —  rv 


I  —a. 


(6.19) 


(6.20) 
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Analysis  shows  that  the  envelope  maximum  of  the  cross-correlation 
function  is  observed  at  a  certain  additional  delay-  t  in  channel 

M 

,  which  is  determined  by  the  relationship 

_  _  l  I-M. 

In  correlation  measurements  it  is  important  to  know  how 
voltage  changes  at  the  correlator  output  depending  on  maladjustment 
of  the  distorting  filter  (i.e.,  the  nonnormalized  correlation 
function).  Let  us  analyze  a  case  where  the  normalizing  coefficient 
is  determined  by  (6.19),  i.e.,  does  not  depend  on  the  coefficient 
of  maladjustment  b^,  while  the  band  coefficient  a^  »  1 .  From 
(6.18)  we  find 


r  —  -  **  c-~*.y 

"  x 


yY  «  +  <4  +  K  «  +  K  ««  +  *,)  x 

Xcm(2 


(6.21) 


where 


»,  =  vctg  , 

*  _ _  4  +  ft*  +  2ft,  >in  2r/cat  -  4  COI 2 nf„  « 

*  ~  *rC  *  2ft,  CM  2n/„c  +  4  tin  2r./„4  * 

By  aralyzing  relationships  (6.20)  and  (6.21)  we  find  that  if 
there  is  h  distorting  filter  in  one  channel  of  the  correlation 
system  the  following  takes  place: 

1)  shift  in  maximum  of  output  voltage  along  axis  x,  which 
occurs  as  a  result  of  the  group  delay  time  of  the  distorting 
filter,  and  a  decrease  in  the  magnitude  of  the  maximum,  which  can 
be  explained  by  the  nonlinearity  of  the  phase  characteristic; 
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2)  the  envelope  of  the  correlation  function  is  asymmetric 
relative  to  the  maximum;  the  asymmetry  becomes  not'iceable  when  the 
band  of  the  distorting  filter  is  equal  or  is  narrower  than  the 
band  of  the  energy  spectrum  of  the  studied  process; 

3)  there  is  a  phase  shift  in  the  "high-frequency  filling"  of 
the  envelope  of  the  correlation  function. 

In  the  particular  case,  which  is  characterized  by  the  relation¬ 
ships  of  (6.21),  we  find  that  for  r0^  phase  shift  0,  depends  only 
on  the  magnitude  of  maladjustment  and  does  not  depend  on  t.  For 
r,  ~  phase  0;  depends  on  maladjustment  f  and  for  different  values 

xc. 

of  x  it  has  a  different  value.  Figures  6.12  and  6.13  show  the 

dependence  of  the  envelope  of  the  correlation  function  on  the 

dimensionless  quantity  x  =  ttB  for  the  two  particular  cases 

c 

analyzed.  The  experimental  values  were  obtained  by  means  of  a 
difference  frequency  correlator,  whose  simplified  system  is  shown 
in  Fig.  2.5.  Deviation  of  experimental  points  from  theoretical 
points  resulted  primarily  from  the  additional  linear  distortions 
introduced  by  the  delay  line. 


Fig.  6.12.  Envelope  of  cross-correlation  functions  in 
the  case  of  linear  distortions  in  one  channel:  1  - 
envelope  of  autocorrelation  function  of  single  oscilla¬ 
tory  circuit;  2,  3,  ^  -  envelope  cr  correlation  function 
for  parameters  a  =  2;  1;  0;  5;  b  =0. 
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Pip-.  6.13.  Envelope  of  cross-correlation  function  in 
the  case  of  linear  distortions  in  one  channel:  1  - 
envelope  of  autocorrelation  function  of  single  0  cilia 
tory  circuit,  no  distortion;  2.  3,  5  -  envelope  of 

correlation  function  for  coefficients  b  *  0;  1;  2; 

„  _  i  u 
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SEVENTH  CHAPTER 

CORRELATION  PROPERTIES  OF  FILTERED 
PHASE-MANIPULATED  SIGNALS 

7.1.  AUTOCORRELATION  FUNCTION 

Linear  distortions  In  correlation  systems  can  be  caused  not 
only  by  filters  In  the  correlator  channels,  but  also  by  the 
general  filter  $0  (see  Chapter  3).  Distortions  of  this  type  occur 
In  systems  In  which  the  emitted  and  reference  signals  are  formed  by 
means  of  a  single  code  source. 

Our  definition  of  a  phase-manipulated  signal  is  a  high-frequency 
oscillation  with  a  frequency  of  fc,  whose  phase  is  manipulated  by 
0  and  7t  according  to  the  law  of  change  in  symbols  of  a  binary 
pseudorandom  sequence  (see  §  1.3). 

In  this  chapter  we  estimate  the  effect  of  lirear  filtration 
on  the  correlation  properties  of  phase-manipulated  signals.  We 
study  cases  in  which  the  frequency  of  the  carrier  is  great  as 
compared  to  the  width  of  the  energy  spectrum  of  the  sequence. 

The  correlation  function  of  a  periodic  binary  sequence  is 
determined  by  the  relationship  [12,  25] 

1 1  -'S'(t’)  npH 

fnpH  =  when] 
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while  the  energy  spectrum  can  be  represented  in  the  fcrm  of  delta- 
functions  with  weight  coefficients,  which  are  found  from  the 
Fourier  transform  by  autocorrelation  function  (7.1).  If  we  perform 
the  calculations,  we  find 

s.(/)—  J]  nJr* j  ”  IT  4 W.  (7.2) 

where  f  *  l/NtQ  is  the  repetition  frequency  of  the  sequence. 

From  this  expression  we  find  that  the  envelope  of  the  energy 
spectrum  vanishes  when  n  *  +N,  +2N,  ....  Then,  the  width  of  the 
spectrum  with  respect  to  the  first  zeros  of  the  envelope  is 

=  2A7„  = 2/WiT. 

where  fTaHT  Is  the  frequency  of  the  clock  pulses  of  the  sequences. 
The  energy  spectrum  of  a  signal  which  is  phase-manipulated  by 
means  of  a  periodic  sequence  is  determined  by  the  relationship 

StU)  ** 0,5{Sii (/—/ 1 )  +S„(/+/C)J.  U.3) 

The  autocorrelation  function  of  a  pseudorandom  signal  passing 
through  a  linear  filter  with  an  amplitude-frequency  characteristic 
K(f)  is  found  as  the  Wiener-Khinchin  transform  of  its  energy 
spectrum  at  the  output: 

where  k  is  the  normalizing  coefficient. 

If  here  we  substitute  (7.3),  then  after  replacing  the  variables 
in  the  integral  and  transformations  we  get 


#♦  =  •£■  Jcos2r/ct  j5„(/)K*(/4-/c)cos2r/xd/- 

0* 

—  sin  2r/ct  J  Su  (/)/('  (/  +  /*)  sin  2r/nf/j.  (7.4) 


Let  us  examine  the  simpler  case  where  the  frequency  character¬ 
istic  of  the  linear  filter  is  symmetrical  relative  to  its  central 
frequency,  which  is  equal  to  the  carrier  frequency  of  the  pseudo¬ 
random  signal  f  .  Then,  from  (7.4)  we  find 

-  r^,(r)  cos  2.ifer, 


where 


'♦  (')=•  Tm  J  S«  (/) Ki  </  +  /.)  cos  2r.M. 


(7.5) 


Let  us  substitute  in  the  expression  for  the  envelope  of  the 
correlation  function  of  the  phase-manipulated  signal  (7.5)  the 
relationship  of  (7.2)  for  the  energy  spectrum  of  the  sequence. 

If  wt-  use  the  property  of  the  delta- functions  in  calculating  the 
integral,  then  after  trigonometric  transformations  we  get 


.  1-1 -JL  N  H 

r*'  )  *,  J  ,V»-+  n* 


Ex 


«■! 


X— --  [«.-%!  0.5c«^l(l+*). 


—  0,5  cos 


fc  -•>]}• 


(7.6) 


where  0  =  r/tQ  is  relative  delay  time. 

From  this  relationship  when  it  follows  that  the 

correlation  function  of  an  undistorted  pseudorandom  sequence  is 
expressed  as  the  series 
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***l 

-  0.5  cos  ^  (I  -f  •)  -0,5cos?^-(l  -•)]. 


(7.7) 


which  by  means  of  the  series  [16,  series  VB-1] 


Scoin.t _ _  r.  ch  (ax  —  or.)  _  I 

Ti,~+al  2a  than  2? 


is  reduced  to  the  expression 


M®)= 


10,  v  -f  « 
1*1  ~jr~ 

i 

“IT 


npN  |l|<l, 

npn  I  <|8|<0.5(tf-  I). 


(7.8) 


If  we  consider  the  symbols  which  we  have  introduced,  then 
relationship  (7.8),  as  one  might  expect,  coincides  with  (7.1). 
When  calculating  (7.6)  it  is  convenient  to  use  the  function 


11*1 


Function  (7.9)  contains  only  cosinusoidal  terms  and,  consequently, 

it  is  even  and  periodic  with  a  period  of  6  ■  N.  Then,  from 

nep 

(7.6)  we  find  that  the  envelope  has  the  following  properties 


'♦(•+-r)“r«('-T)- 

Thus,  we  are  studying  the  envelope  only  on  section  0  _<  0  <:  N/2. 

In  the  overwhelning  majority  of  cases  of  synthesizing  series 
[16]  the  analytical  expression  ^(0)  in  a  closed  form  can  be  used 
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successfully  only  on  section  0  <  6  £  N/2  in  view  of  the  difficulty 
of  writing  this  function  with  a  single  analytical  -expression  for 
the  entire  axis  6.  Therefore,  the  envelope  of  the  autocorrelation 
function  of  the  filtered  phase-manipulated  signal  of  (7.6)  can 
be  represented  as : 


* 5  <M 


—  0,5-f  (|l  —  •!» 


(7.10) 


v;hen  0  _<  6  <_  N/2 . 

7.2.  PARTICULAR  CASES  OF  SIGNAL 
FILTRATION 

Let  us  examine  the  influence  of  the  passband  of  several 
specific  types  of  filters  on  the  autocorrelation  function  of  a 
filtered  phase-manipulated  signal,  whose  carrier  frequency 
coincides  with  the  central  frequency  of  the  filter. 

1.  Filter  v/Ith  Single  Oscillatory 
Circuit 

The  amplitude-frequency  characteristic  of  such  a  linear 
filter  is  determined  by  the  expression 

«</>-{■  + 

where  B  is  the  passband  at  a  level  of  -3  dB.  The  square  of  the 
amplitude-frequency  characteristic  is  represented  in  a  form  which 
can  be  easily  studied 


(7.11) 


where 
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The  dimensionless  coefficient  a  binds  the  parameters  of  the 
filter  and  the  pseudorandom  sequence.  It  is  equal  to  the  ratio  of 
half  of  the  passband  of  the  filter  to  the  clock  frequency  of  the 
pseudorandom  sequence.  Let  us  substitute  (7.11)  in  (7.6)  and 
break  down  the  rational  number  which  appears  here  into  simple 
terms . 


If  we  group  the  terms,  then  for  the  envelope  of  the  correlation 
function  of  a  phase-manipulated  signal  filtered  by  a  single 
oscillatory  circuit,  we  get  the  following  expression: 


k™  A  *  *'*  „•  Jj  N  *  ~ 

-  0.5  cat  ( I  f-  •)  -  0.5  cos  ~;~(l  -  |)  j  - 

J]  n«  +  .*A *  [cos  1 P  •  “*  0>5  :r*TT  +•)  “* 

"  im»i 

*  *-  0,5  cot  ^jj—  (I  —  |)J, 


By  means  of  formula  (7.7)  this  expression  can  be  represented 
in  the  form  of 

r„(  ♦)— (7.12) 

V 

OH 

where  the  normalizing  coefficient  k  ,  which  is  determined  from 

H 

the  condition  r  (0)  ■  1,  is  equal  to 

OH  ’ 

*7"  1  —fc*(°)-  (7.13) 


Function  p  (0),  which  indicates  the  degree  of  the  effect  of  the 

O  H 

single  oscillatory  circuit,  is  equal  to 
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#1=1 

-  0.5  cos  -^  ( I  -i-  6)  -  0,5  cos  ^  (I  -  •)]. 


We  use  a  series  [16,  VB-1]  to  simplify  the  obtained  expressions, 


Let  us  also  consider  that  coefficient  a  in  practical  systems 
has  an  order  of  one,  while  the  length  of  the  sequence  has  an  order 
of  hundreds  and  thousands.  When  aNir  >  5,  which  occurs  in  the 
majority  or  cases,  we  can  write  the  following  approximate 
relationships  (error  does  not  exceed  0.005/5): 

ctli  I, 

sh  2n  --  ctli  a.Vi:2sli*r*  «  I  -  e“***  . 


''nsidering  these  approximations,  we  get  expressions  for  the  function 


a)  0  <  0  <  1 

>- **>•  ( 7 . 14) 

b)  1  <  9  <  N/2 


(0)  =  -  si,*  rae-5'**.  (7.15) 

The  envelope  of  the  autocorrelation  function  of  a  filtered 
phase-manipulated  signal  for  a  sequence  length  of  N  *  127  has  been 
plotted  in  Fig.  7.1  for  several  values  of  band  coefficient  a.  Shown 
for  comparison  is  the  autocorrelation  function  of  the  undistorted 
binary  pseudorandom  sequence  of  (7.8).  These  dependences  indicate 
that  the  envelope: 
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1)  has  a  very  rounded  peak  at  the  point  of  maximal  correlation 


2)  is  expanded  along  the  X-axis  (the  lower  the  value  of  a,  the 
greater  this  expansion); 

3)  monotonically  falls  with  an  increase  in  6  toward  the 
established  limit. 


Fig.  7.1.  Envelope  of  correlation 
function  of  phase-manipulated  sig¬ 
nal  which  ha:,  passed  through  a 
single  oscillatory  circuit. 


2.  Bandpass  Filter  of  System  of 
Two  Identically  Connected  Circuits 


The  amplitude-frequency  characteristic  of  a  system  with  two 
identical  connected  circuits  is  determined  by  the  expression 


where  B  is  the  passband  of  each  circuit  of  the  filter  on  a  level  of 
-3  dB;  p  is  the  coupling  factor. 


The  square  of  the  amplitude-frequency  characteristic  is 


written  in  the  form 


(7.16) 


Coefficient  a  is  determined  just  as  in  the  precedinr  case 
[formula  (7.11) ]. 

Expression  (7.16)  is  substituted  in  (7.6).  If  v/e  expand  the 
rational  part  into  simple  factors  and  group  the  terms  with  (7.7) 
considered,  then  for  the  envelope  of  the  autocorrelation  function 
the  relationship 


(7.17) 


where  the  normalizing  coefficient  is  equal  to 


— Pc(0). 


(7.18) 


while  function  p  (0),  which  indicates  the  degree  of  influence  of 

C  H 

the  bandpass  filter,  is  determined  by  the  expression 


„  'LtL V*  —  «t+2(«V)»(l  -/>»)  _ v 

-•  n*  f- 2 (« V)« (I -/»*) n*  +  (!+/>*) (* V)»  ^ 

ns  I 

X[cos-^«-0,5cos^(l+#)- 
-0,5cos-^(1  -6)]. 


(7.19) 


In  order  to  synthesize  the  series  (7.19)  let  us  examine  the 
following  function: 


ri  n*  +  2 (»V)*  (!  —  /»*) _ v 

«♦  +  2  (iV)»  ( I  -  p>)  n'  +  (I  +  fi>)  («.¥)•  ^ 


«■! 


2nn 


Xcos-^-t 
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We  will  use  series  [16,  VK-1,  DZh-ll  in  the  following  form: 


n*  rot  ns 


nail 


U  («*  +  <')  <«•  +  </*> 

1=1 

vy  f  C  ch  f  (*  —  «) 

2(c*-rf')  ? 

dchrf(jc  — *)•  1 

A[  then 

thdn  j 

cds  nx 

1  f  *  - 

[2c* 

Rihf(x  —  it)  , 

•>/•  th  8 

3JTX  1' 

By  means  of  these  series  function  ( 8 )  after  certain  transformations 
can  be  written  in  the  form  of 


i  +  )  (ch  2  J  V«  -  cos  2« Npn)  ^ 

X  {(3  -  p')  p  |sh  (2rSr.  -  2ra8)  cos  2itap8  -f- 
-f  sli2«a6cos(2aA,/»r.  2i;jpfl)j  {-(I  -3 ft)X 
X|c!i(2iiV«  -  2ra8)  sin  2rapfl  fell  2ra8  X 
Xsin(2a,Vpn  -  2*ap8)|}. 

Although  the  obtained  expression  is  accurate,  it  is  nevertheless 
awkward.  In  cases  of  practical  interest  aNir  >  10.  Thus,  we  can 
use  the  following  approximate  formulas,  which  are  valid  when 
0  <  6  <  U/2: 


ell  2sNpr.  —  cns2a Nps  t  0,5e*mV/*  , 
sh  (2jS’t.  —  2*a8)"  clj(2«yr/-  2ra8)  « 
nsQ.teU' 

Considering  these  approximations  for  function  ^(0)  we  get  the 
following  expression: 


»(*)=  T*\-pf\+p>j- 1(3  -p*)pe-**t,cos2i :«*•+ 
4- (I  -  3/»’)e'2",sin2«ap|J. 
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while  the  series  (7.19)  for  the  two  intervals  of  change  in  0  are 
written  as  follows: 

a)  0  <  0  <  1 


?«  <*)=  -Tr^iTTp.]-  {e"1'"  cos  2rap6  |(3  -  pr)X 
X(l  cos 2r  jp)—  e-!r*  sin 2«ap|  -f> 

-4-  e-J”*  sin  2* ifA  e~a**  sin  2ra p -f- 

■f  -  ~~*r*  ( t  —  O.5e-,,*cos2i:ap)j  — 

—  e*T,,cos2ra fA  ^  — e'*'’cos2rap-f- 

c~ir*  sin2sapj  —  c*e’'sin2npex 

X  j  ^j^e"J,*sin2i:ap  -  — e  J"’ cos  2*apJ  | ,  (7.20) 

b)  1  <  0  <  N/2 

?««<*>=  i^rn^r  jc  !',lcis2r^x 

Xp3  -p’Kl  clt2ricos2*ap)  f  X 

X  sll  2ra  sin  2r ap J  -f  e  sin  2rap9  X 

Xpp’  -3)sh 2«i sin2rap-f — ■  yP- X 

X(1  —  ch2n  cos2-ap)J  J .  (7.21) 

Figures  7.2,  7.3,  and  7.^  show  the  envelopes  of  the  auto¬ 
correlation  function  of  a  phase-manipulated  signal  which  has  passed 
through  a  system  of  two  identical  coupled  circuits  under  different 
values  of  the  band  coefficient  a,  coupling  factor  p,  and  sequence 
length  N  =  127.  Analysis  of  these  curves  shows  that: 

1)  for  any  values  of  a  or  p  the  envelope  has  a  very  rounded 
peak  at  the  point  of  maximum  correlation; 
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Fig.  7.2.  Envelope  of 
correlation  function  of 
phase-manipulated  signal 
which  has  passed  through  a 
system  of  two  coupled 
circuits . 


o  oj  4 ♦  o.f  oj  to 


m 
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Fig.  7.3.  Envelope  of  correla¬ 
tion  function  of  phase- 
manipulated  signal  which  has 
passed  through  a  system  of  two 
coupled  circuits. 


0  m  0.0  0.0  to 


Fig.  7.^.  Envelope  of  correla¬ 
tion  function  of  phase- 
manipulated  signal  which  has 
passed  through  a  system  of  two 
coupled  circuits. 


2)  for  a  coupling  factor  (p  *  0.5)  which  is  less  than  critical 
the  envelope  slowly  declines  with  small  oscillations  toward  an 
established  value;  the  lower  the  passband  of  the  filter  (the  lower 
the  value  of  a),  the  greater  will  be  the  expansion  in  the  main 
lobe  of  the  envelope; 

3)  if  coupling  is  greater  than  critical  (p  *  2),  there  is 
virtually  no  expansion  in  the  main  lobe,  although  thereafter  there 
appear  negative  and  positive  spikes,  which  are  comparable  at  low 
values  of  a  to  the  value  of  the  correlation  function  when  0=0; 


*0  the  case  of  critical  coupling  (p  =  1)  represents  an 
intermediate  between  the  two  above. 


l8 


3.  Ideal  Bandpass  Filter 


Let  us  examine  the  extreme  case  of  filtering  a  phase-manipulated 
signal  in  which  the  amplitude-frequency  characteristic  is  close  to 
the  characteristic  of  an  ideal  bandpass  filter: 


B 


"PH 


(o  npH  |/  ~/c|>  -§-• 

[npn  =  when] 


(7.22) 


As  already  demonstrated,  the  energy  spectrum  of  a  periodic 
pseudorandom  sequence  is  discrete  in  view  or  the  regular  nature  of 
the  process.  This  fact  creates  some  inconvenience  in  our  study  on 
the  behavior  of  the  correla* ion  function  with  changes  in  the  passband 
of  the  filter,  since  the  spectrum  samples  in  this  case  should 
theoretically  be  cut  off  by  the  characteristic  of  the  ideal  filter 
in  a  jump.  Here  it  should  be  mentioned  that  this  approximation  of 
the  frequency  characteristic  does  not  correspond  to  the  one  which 
is  physically  attainable.  The  steepness  of  the  slopes  of  the 
frequency  characteristic  of  an  actual  filter  is  always  finite, 
while  within  the  transmission  buna  the  filter  will  always  have  a 
nonzero  transmission  coefficient  on  the  finite  frequency  section. 
Thus,  it  is  desirable  to  use  an  approach  in  which  the  spectrrm  of 
the  pseudorandom  sequence  will  be  unbroken  and  continuous,  which 
corresponds  to  the  nonperiodic  correlation  function. 


Let  us  examine  the  correlation  function  of  a  periodic  pseudo¬ 
random  sequence  in  the  form  of  the  sum  of  the  functions,  i.e.. 


ru  (*)  = 


(7.23) 


where 


np«0<!’f<l.  (7.24) 

at  other  values  of  t. 
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The  energy  spectrum  which  corresponds  to  the  correlation  function 
of  (7.23)  will  have  the  form  of 


S„</)  = 


e-  iutnt'Sun  ijy 


(7.25' 


h  n 

v.'here  the  spectrum  3  (f)  corresponds  to  the  correlation  function 

of  (7.2b).  In  this  case  the  envelope  of  the  autocorrelation  function 
of  the  phase-manipulated  signal  which  has  passed  through  the  ideal 
filter  is  equal  to 


m 

S  (7.26) 

,  1 

v.’here  k  ”  is  the  normalising  factor,  and  the  function  p  .  (t)  is 

equal  to 


*♦(*)«  I  5-»(/)AC'(/  +  /e)eB^rf/= 


=  j  5«(/)ea,,,d/  = 

“T 

■»  *  j  J  rmn  (x)  cos  2 *fx  cos  2«/trf/rfjc. 


Integrating  this  expression  involves  no  theoretical  difficulty. 
After  substituting  expression  (7.2b)  and  introducing,  as  before, 
the  dimensionless  band  coefficient  a  *  (Btf))/2,  we  get 

? ^ = ~itir  [Si  (2,;Jl 4-  Si  (2*1  —  2*18)  -|- 

+  6  |Si  (2*1 4-  2*  i9)  —  Si  (2*1  —  2*i0)  —  2Si  (2*i6)J  — 

— ^-sin’n  cos  2*16  j.  (7.27) 
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delay  time. 


For  rather  long  sequences  the  envelope  of  the  correlation 
Function  of  the  Filtered  phase-manipulated  signal  is  practically 
determined  by  the  zero  term  oF  the  sum  oF  (7.2 6)  alone.  For  this 
case  we  have 


where  the  normalizing  coefFicient  equals 


kV  " T + P><*  (°)  =  “  TT + 


(7.28) 


(7.29) 


The  envelope  oF  the  normalized  autocorrelation  Function  of  a  signal 
which  is  passed  through  the  ideal  Filter  is  shown  in  Fig.  7.5  for  a 
sequence  length  of  U  =  127.  The  distinguishing  feature  of  these 
curves  as  compared  to  the  two  above  is  their  slightly  damped  nature 


7.3.  CHARACTERISTICS  OF  ENVELOPE 
OF  CORRELATION  FUNCTION  DURING 
SIGNAL  FILTRATION 

In  studying  the  envelope  of  the  correlation  function  of  a 
signal  we  are  also  interested  in  such  parameters  as  the  width  of  the 
main  lobe  of  the  correlation  function,  the  position  and  level  of 
‘he  side  lobes,  and  correlation  time.  Let  us  examine  the  nature  of 
change  in  these  parameters  during  filtration  of  the  signal.  The 
high-cerrelat ion  range  can  easily  be  characterized  by  a  wide 
correlation  function,  which  we  will  define  as  a  time  segment 
calculated  from  the  value  of  the  envelope  maximum  up  to  the  moment 
in  time  corresponding  to  a  level  of  0.5  (-3  dB)  from  the  maximal. 

I::  order  t  obtain  a  good  estimate  of  potential  discrimination 
we  w*  11  iet  rmine  c  rrelation  time.  In  many  cases  correlation 
r i r •  is  understood  as  the  time  segment  calculated  from  the  maximal 
al  :•  f  the  correlation  function  up  to  the  moment  and  time  at 
which,  the  value  of  the  correlation  function  is  less  than  a  pre¬ 
assigned  value  (for  example,  0.1,  0.01,  etc.).  This  determination 
f  *  e  correlation  time  is  most  frequently  used  for  signals  whose 
o  lation  function  asymptotically  approaches  zero.  The  correla- 

•  !  .'.action  of  a  phase-manipulated  signal  does  not  have  this 

property.  Characteristic  of  this  signal  is  the  presence  of 
r-*  s  I  dual,  side  lobes,  whose  magnitude  depends  on  the  length  of  the 
o-  quence.  It  has  been  shown  that  the  envelope  of  the  autocorrelation 
function  of  a  phase-manipulated  signal  falls  toward  an  established 
value  when  delay  6  Increases.  Analysis  of  the  formulas  of  (7.12), 
(7.17),  and  (7.28)  shows  that  this  established  value  is  equal  to 
-l/Nlc^,  where  k^  is  the  normalizing  coefficient  for  each  type  of 
filter,  respectively.  Thus  it  makes  sense  not  to  stipulate  in 
advance  the  reference  level  of  the  correlation  function  in 
determining  correlation  time  but  to  consider  it  dependent  on  the 
established  value.  Let  us  determine  correlation  time  as  a  time 
interval  between  the  maximal  value  of  the  correlation  function  and 
the  moment  corresponding  to  the  condition  that  the  correlation 
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function  lies  between  zero  and  twice  the  value  of  the  established 
quantity.  In  determining  the  magnitude  of  negative  and  positive 
spikes  we  will  find  their  absolute  value  and  location  on  the  time 
axis  by  counting  from  the  maximum  point  of  the  correlation  function. 

1.  Width  of  Main  Lobe 

In  order  to  find  the  width  of  the  envelope  of  the  autocorre¬ 
lation  function  of  a  filtered  phase-manipulated  signal  we  must  find 
the  root  of  the  equation 


nji(Oiu)  —  +0.5. 


where  0^  is  tht  unknown  width;  r^(0)  is  the  analytical  expression 
of  the  envelope,  which  for  the  studied  types  of  filters  Is 
determined  by  (7.12),  (7.17),  and  (7.28). 

Analysis  shows  that  the  obtained  equations  are  transcendental. 
The  results  of  the  graphic  solution  are  shown  In  Fig.  7.6.  Curves 
expressed  as  a  broken  line  are  asymptotic  curves,  to  which  the 
unknown  values  of  0  strive  at  low  values  of  a.  Each  of  these 

UJ 

curves  describes  half  of  the  width  of  the  correlation  function  at 
a  level  of  -7  dB  for  the  random  process  obtained  when  white  noise 
is  passed  through  the  studied  linear  filter. 


Fig.  7.6.  Change  in 
width  of  correlation 
function  envelope  during 
filtration:  1  -  single 
oscillatory  circuit;  2, 
3,  ^  -  system  of  two 
coupled  circuits  for 
coupling  factors  of  0.5, 
1,  and  2;  5  -  ideal 
filter. 


0  C.t  U  <*  V  V  V  <1  <f  • 
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From  these  graphics  representing  dependences  we  find  that  for 
the  studied  types  of  filters  the  widening  in  the  correlation 
function  when  a  _>  0.6  is  not  great.  For  small  passband  values, 
when  a  _<  0.4,  the  widening  is  substantial,  and  the  curves  rise 
steeply . 

2.  Correlation  Time 


From  determining  correlation  time  we  find  that  this  is  the 
greatest  value  of  the  roots  of  the  two  equations 


°*  ,  l.  (7.30) 

MM - / 

The  solution  of  these  equations  based  on  (7.12)  and  (7.16)  for  the 
envelope  of  the  autocorrelation  function  of  a  phase-manipulated 
signal  which  has  passed  a  single  oscillatory  circuit  provides  the 
following  quantity  for  correlation  time: 


0. 


j 

Jri 


In  <v  + 


(7. 31) 


For  a  bandpass  filter  the  equations  of  (7.30)  are  reduced  on  the 
basis  of  expression  (7.17)  to  the  following: 


4-.  | 


(7.32) 


where  p  (9)  is  determined  by  realtionship  (7.21).  Finding 

C  H 

correlation  time  indirectly  from  these  formulas  leads  to  the 
solution  of  an  awkward  transcendental  equation,  whose  approximate 
root  value  is  unknown.  Let  us  estimate  correlation  time  from  the 
second-order  envelope  (envelope  of  the  autocorrelation  function 
envelope  of  a  filtered  pseudorandom  signal).  We  will  represent 
function  p  (0)  [expression  (7.21)]  in  the  form  of  the  product  of 

C  K 

the  exponential  function  and  the  cosinusoidal 


Pc.  (0)  =  /1c  !'’*cos(2#j/i8  — •), 


(7.33) 


where 


A  -  (V+  ')/»  F/»*  y 
Ar.aNp 


XI  (I  — cli  2m  cos2it2p)-  i  sir  2nsin:  2zjp. 


arctg 


„  I  —  3  n» 

(3  -■  p*)  *h  In  Un  2m/>  (- - - -  (I  ch  I;i  ro>2 ~zp) 


I  3r>« 

(3  —  pz  |(1  —  ch  2r.a  con  2r.ip)  -f - —  —  sh  2ni  sin  2 ~i p 


Then  4  :  » 
enveloj  ■ 


.  it  :  '  r  find!  nr  <•  'nr*-!  .*  I •  ii  time  from  the  second-order 

1  1  iui  j<-  tin  f.  rm  of 


Hence  1  h.  .•  rr-  :  at  1  >n.  1 1  me  f  a  signal  which  has  panned  through  a 
oyster  e  n.  ‘  *  !nr  f  two  coupled  circuits  Is  determined  by  the 
relat  1  ns:. !  p 


0  _  .L I  n  ( v  1 L*Yi  Vh -ri  >0s  -“V'F  d  vh*  s'n>  -~'P  ( 7 . 3  Ml 

“  2ji»  '  •Ir.a  p 

It  lias  !  oen  demonstrated  that  the  envelope  of  the  correlation 
function  of  a  phase-manipulated  system  which  has  passed  an  Ideal 
bandpass  filter  has  an  oscillating,  slightly  damped  nature.  In 
this  case  correlation  time  is  determined  by  the  same  method  as  used 
in  the  case  f  a  bandpass  liter,  i.e.,  from  the  second-order 
envelop  The  necessary  calculation  work  with  respect  to  (7.27), 
(7.2s),  and  (7.2>)  is  done  on  the  electronic  computer.  The 
results  of  pr  cess  5  nr  these  data  and  the  correlation  time  values 
for  the  two  pseudorandom  sequences  i!  =  3  27  and  1023,  calculated 
according  tr  the  formulas  of  (7.31)  and  (7.3*0,  are  shown  graphically 
in  Fig.  7.7.  In  Fir.  7.7  the  curves  corresponding  to  a  bandpass 
filter  at  coupling  factors  p  =  0.5  and  1  are  practically  between 
curves  1  and  2  and  are  therefor*  not  expressed. 


Fig.  7.7.  Change  in 
correlation  time  -of 
phase-manipulated  sig¬ 
nals  during  nitration: 
1  -  single  oscillatory 
circuit  ;  2  -  bandpass 
filter  at  coupling 
factor  of  p  =  2;  3  - 
ideal  bandpass  filter. 


Comparison  of  these  correlation  time  dependences  loads  to  the 
conclusion  that  a  linear  filter  which  is  close  to  ideal,  i.^., 
which  has  very  steep  slopes  and  extremely  small  transmission 
coefficient  values,  within  the  passband,  can  substantially  impair  the 
correlation  properties  of  the  filtered  phase-manipulated  signal. 


3.  Magnitude  and  I -  sit  ion  of 
Herat  3  ve  and  Positive  f,  pikes 


Our  iefinitlon  of  spikes  [peaks  1  in  the  envelope  of  the 
correlation  function  would  be  all  extreme  points  with  the  exception 
of  the  maximum  point  at  zero  delay.  The  coordinate  of  the  extreme 
point  is  the  root  of  ^quaiton  r'  (0)  =  0.  The  solution  to  this 
equation  fc  r  the  envelope  of  a  phase-manipulated  signal  which  has 
passed  through  the  oscillatory  circuit  gives  us  the  only  root 
value  G  =  0.  Thus,  in  this  case  the  envelope  does,  not  have  spikes. 
As  follows  from  Figs.  7.2,  7.3,  and  7.^,  the  spikes  in  the  envelope 
of  the  correlation  function  of  a  phase-raanipul  ated  signal  which  is 
passed  through  a  system  of  two  coupled  circuits  begin  after  6=1. 
It  is  obvious,  in  this  case  that  finding  the  extreme  points  based  on 
(7.17)  involves  solving  the  equation 


I 

s' 

-«*  — 

N 


1 ')  2 


=p'«(e)-o. 


Jn  order  to  simplify  analysis  the  series  of  dependences  in 

the  formulas  found  above  Is  represented  in  che  form  of  curves.  The 

n  h 

valu"  of  the  normal! si  nr  coefficient  k  and  the  position  of  the 
first  minimum  of  the  envelope  6-^  as  a  function  of  the  hand 
coefficient  a  for  three  couplinr  factors  p  are  represented  in 
Firs.  7.H  and  7.  '.  The  valuer  of  the  quantity  p  (0,  )/kCH,  which 


was  calculated  under  the  assumption  that  for  sufficiently  long 
sequences  N  +  1/N  =:  1,  are  shovm  in  Figs.  7.10,  7.11,  and  7.12. 


•  o  oj  t, ♦  nt  m  to 

Fig.  7.H.  normalising  coeffi¬ 
cient:  1,  2,  3  -  1  andpass  filter 

for  ccuplinr  factors  of  p  =  O.F, 
1,  7;  li  -  ideal  filter. 


a,*  o,e  i,o 

Fir.  7.°.  ■'oordinate  of  first 
envelope  minimum:  1,  7,  7  - 
t  andpass  fil'er  for  o  upline 
factors  off  =  i) .  b  ,  1  ,  2  . 


0  4*  9,9  ti  Ii  m 

Fig.  7.10.  Curve  of  normalizing 
function  of  effect. 


The  final  relationships 
for  the  envelope  of  the 
correlation  function  of  a 
phase-manipulated  signal 
which  has  passed  an  ideal 
filter  are  expressed  as 
integral  sines,  and  thus 
finding  the  coordinates  of 
the  spikes  involves  solving 
complex  transcendental 
equations.  The  coordinates 
of  the  spikes  are  found  on 
the  l asis  of  analyzing  the 
values  of  the  envelope  for 
certain  quantities,  of  the 
land  coefficient  a  (calcula¬ 
tions,  performed  1  .v  means  of 
a  digital  elect  i'  nic  computer) 
The  obtained  values  for  the 
coordinate  of  the  first  spike 

0,  (minimum)  and  the  second 
1m 

spike  0Or  (maximum)  of  the 
envelope  are  shown  in 
Fig.  7.13.  The  magnitude  of 
envelopes  at  these  points 
according  to  (7.3 2 )  will  be 
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Tn  tin-*  preceding  root- Inns 
we  have  looked  at  the  properties 
of  tin'  correlation  function  of 
a  phase-manipulated  signal 
which  has,  passed  through 
filters  of  different  types 


with  different  characteristics. .  It  is  interesting  to  examine  the 
effect  of  the  shape  of  the  frequency  characteristic  of  the  filter 
on  the  correlation  function  of  a  filtered  signal  when  the  passband 
on  a  level  of  -3  dh  is  the  same  for  all  types  of  filters.  Let  us 
plot  the  envelopes  of  the  correlation  functions  for  one  particular 
case  where  the  pass!  and  of  the  filtering  system  is  equal  to  the 
width  of  the  energy  spectrum  of  the  pseudorandom  sequence  with 
respect  to  the  first,  zeroes  of  the  envelope,  i.e.,  Af  =  2f 
Fisur"  7.15  shows  diagrams  of  tie-  amplitude-frequency  characteristics 
of  several  filters  which  have  identical  passbands.  In  the  same 
figure  curve  6  represents  the  envelope  of  the  energy  spectrum  of 
a  pseudorandom  sequence.  The  corresponding  envelopes  of  the 
correlation  functions  of  phase-manipulated  signals  calculated  from 
formulas  obtained  In  M.is  chapter  are  shown  in  Fig.  7.16. 


Fig.  7.15.  Frequency  charac¬ 
teristics  of  different  filters 
with  the  same  passbands:  1  - 
ideal  bandpass,  filter  a  =  1; 

2  -  coupled  circuits  at  p  *  2 , 
u  s  0 . h ;  7  -  coupled  circuits 
f  r  critical  coupling  p  =  1 , 
u  *  0.7;  -  coupled  circuits 

with  weak  coupling  p  =  0.5, 
a  =  1.2;  5  -  single  oscilla¬ 
tory  circuit  a  =  1. 


Fig.  7.16.  Envelopes  of  autocorrelation  functions  of 
phase-manipulated  signal  during  filtration:  1  -  band¬ 
pass  filter  a  =  1;  2  -  coupled  circuits  at  p  =  2, 
ol  =  0 .  h ;  3  -  coupled  circuits  at  critical  coupling 
p  =  1,  a  =  0 . 7  ;  -  couple  \  circuits  for  weak  connection 

p  =  0.5,  a  =  1.2;  5  -  single  oscillatory  circuit  a  =  1. 


1^6 


Ana ly:' 1  s,  of  the  dia-rams  leads  to  the  conclusion  that  curves 
1,  3,  ,  and  r  ii  ffer  little  from  the  autocorrelation  function  oh 

an  undlstcrted  pseudorandom  sequence.  This  cannot  he  said  of 
curve  .1,  which  was  plotted  for  a  system  of  coupled  circuits  with  a 
stronr  connection  of  p  =  2.  In  the  last  case  the  amplitude-frequency 
characteristic  of  the  filter  has  a  two-humped  nature  with  a  iip  at 
the  maximum  point  of  the  energy  spectrum  of  the  sipnal  .  The 
env  lore  f  the  correlation  function  of  a  filtered  phase-manipulated 
sirnal  will  iiff^r  little  from  the  mtocorrelat i on  function  of  an 
undistorted  s eeu  iorandom  sequence  in  the  hi rh-correlat i on  ranre  1 r 
the  ampl  *  tud-‘- frequency  characteristic  of  the  linear  filter  causes 
’".he  least  ief  rtiat  !  on  in  the  ruin  lobe  of  the  energy  spectrum  of 
the  s  irnal. 
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EIGHTH  CHAPTER 


EFFECT  OF  LINEAR  CHANNELS  ON 
CORRELATION  PROCESSING  OF  PHASE- 
MANIPULATED  SIGNALS 


!•  LT.'IFAR 

'■  fpelatkd 


If  us--  ot!  1  .'i  t  i  n  process!  nr  of  phase-manipul  atod  rirnaln  , 
then  we  .must  study  the  offset  of  the  parameter::  of  11  mar  filter:', 
in  correlator  channels  on  the  measured  cross-correlation  function. 

It  is  civl'us  that  the  a!  sence  of  arreernent  of  frequency  character¬ 
istics  of  filter. •  wit!,  sirnal  spectra  will  lead  to  systematic 
error  1:.  rv  *  a .  ;rinr  sirnal  delay  dm  to  the  lifference  in  rroup 
ielays  of  !  tin  enamels.  Let  us  look  at  some  features  r f  rrocessinr 
phase-manipulated  signals  In  the  system  whose  Hock  •••n  is  shown 

in  Firs.  3.3  and  3 . ‘  . 


The  expressions  for  the  normalised  cross-correlation  function 
f.  f  phase -man  }  pulat  ed  s.  l.-nals  at  the  output  of  filters  and 
are  found  !  y  the  same  method  as  relationship  (fi . ?)  .  As  a  result 
v/e  ret 


i 

r„N=l 


00 

Ru~7  j  U'li)  *,[‘i)*’A<f) 


(8.1) 
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whore  (i  ( f)  in  the  enerr.v  spectrum  of  the  input  sirnal;  a,,  a  are 

C  *  1  c 

effective  valuer.,  equal  to 


3P~  J  (l)  hp[l)di  •  P — 1; 


The  •merry  rpectrurr.  of  a  phase-manipulated  signal  based  on  (7.25) 
ana  {'[ .  J)  r  t:.e  positive  frequency  ranre  will  be  written  in  the 
f  !•:■  of 


!</)=  -  A  Hi —  it)  i- 0  [l  IJ,U' s"“(f-lt)' 


(  P .  ? ) 


* 1  n 

die  •■}•-;:  rpectrur  f  ( f )  correr.por.di  nr  to  the  correlation  function 
f  car.  ie  f  uni  t  y  means  of  the  iirect  W! oner-Kh ! nchin 

run r  f  r:\ 


•vtiii .  / 1  O  .  O'  ;,-/7t) 

yU  2-V 


(B.P) 


In  *  he  r-lat  h  i.rhipr  f  (  c  .  1  )  we  nulrtltute  (  0  .  ? )  and  i  y  makinr 
the  rep  1  a-u  :v>n4  =  f  -  f  in  the  lnterral.r,  w-  ret 
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'.vo  will  assume  that  the  length  of  the  sequence  is  sufficient 
and  tin'  passbandsof  linear  filters  and  Ce,  have  the  same  width 
as  ti.e  band  of  the  er.erry  spectrum  of  the  signals.  With  a  rreater 
decree  of  accuracy  we  can  assume  that  the  unknown  cross-correlation 
function  iii  the  ran pe  of  |t|<  4  \'t0  can  be  practically  determined 

!y  the  sere  term  of  ti.e  sum  of  (P.5)  and,  consequently, 


(  Q  .  f  ) 


nt  st  Itut  ••  ’  .  •)  !r.  ( ~ .  F ) .  i-y  rial*: !  nr  a  replacement  with 
ail-  f  =  an:  i-sd  mat  inr  delay  ti.e  9  =  r  A  ,  we  ret 


A  Yd 

II  '  ' 

/r,6) 


x 


e~oh 

ci2'W 


—  0,5,*  ,>Mt  "  -  0,5.*  ,ill>  j 
.  0,5e‘‘ ^ —  0,5e*‘  * 14  ’  **  | 


df. 


(P.7) 


For  tiio  rake  .  f  at  \  r>*vlat.i  n  w»*  Intr*  duce  the  f  11  owl  nr  r.ymbolr 
for  the  interrals 


(8.°) 


Lei  us  limit  ourselves  to  oxamininr  the  normalised  cross-correlation 
function  for  a  car/*  wher<  the  linear  filters  are  n-sta*e  resonance 
amplifiers,  each  stare  of  which  has  a  transmission  coefficient, 
as  in  the  sinrle-circuit  amplifier  (see  §  6.2). 
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In  analyzing  it  is  desirable  to  use  certain  generalized 
coefficients  rather  than  the  absolute  values  of  the  parameters  of 
the  filters  and  the  characteristics  of  the  phase-manipulated 
s  i  rn a  1 : 


i  =  0 .  hi-.jtp  ;  an  =  O.SB^tp  -  the  bandpass  coefficients; 

l  fb  ' ~  the  coefficients  of  shifts  in  resonance 

fr**  rituic!  e.'  . 

To*  4  s.  e  symbols  the  interrale  of  (8.8),  takinr  into  account 

*  ..*  v'.-.'l  ns  f  r  the  transmission  coefficients  of  the  resonance 

a  1  I  f  i  ers  ,  will  have  the  form  of 


MO)--  1  i.v  -b  D( 

M8)-J 


x 


X 1/  -  (  -,v,  +  <*,))"  1/  + 1?,«,  + ««.)]-"  f. 


These  internals  are  calculated  by  means  of  the  remainder 
*  For  internal  1^(0)  the  selected  interration  contour 

ecnsists  of  the  actual  axis  of  frequencies  f  and  the  semicircle 
f  infinite  radius  in  the  lower  half-plane.  Then,  according;  to 
4  ,h<-  .Jordan  lemma  and  the  ’auchy  theorem,  the  unknown  internal  is 
determined  as  the  sum  of  remainders  relative  to  poles  located 
beneath  the  material  axis.  Note  that  the  interrand  function  has 
a  pole  of  the  second  order  or.  the  material  axis  itself.  In  tills 
case  according4  to  [1,  p  .  ( h~\  one  should  add  to  the  sum  of  the 
remainders  for  pole,’  i  cated  under  the  actual  axis  half  of  the 
sum  of  the  remainders,  for  poles,  on  the  material  axis  itself.  By 
us  Ins  the  f  rrnulas  for  calculating;  the  remainders  for  multiple 
polos  ,  we  ret 


,  ,«U  .  (V  +  !)(»,*, 1"  1/  <*v 

M®)  = - 2i vm - 

xr _ ^ _ 1  + 

l  v  -ht,*,-",ru  +  hu  +  "i)'  J/-o 

n_n  I  f  e~a,,t  1  \ 

'  ~2zi)  T»  —  '  I  i'7f  J/=-f,»,-K  /  ’ 
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In  calculating  integral  I 0 ( 0 )  the  integration  contour  is  the 
material  axis,  closed  try  a  semicircle  of  infinite  radius,  which  is 
located  in  the  upper  half-plane. 

If  we  use  the  Leil niz  rule  for  calculating  the  derivative  of 
the  (n  -  l)-order  from  the  product  of  the  two  functions,  then 
after  rather  laborious  non  fundamental  calculations  we  get  the 
followinr  expressions  for  the  unknown  integrals: 


/  (0) 

v(i  )- 

-  -  ’■>  •  CrH  ’.'dl  _  (.v  i-  !)(«,’,)• 

2VrT,».  (I  f  '),)'+•  (I  ‘  .Va  X 

n  J  n  —/—I 

v  „  5' ■!*<!-. -,>V1  V  (/;  r'  l)'(»H)  y 
A  U  U  -  >)!('»  I)! 

;  -o 

X|<v!  a,)—i1fo ,  "-‘(a.  —  i3:a  )  *  *  X 

<(2r8g  '  *  '  . 

,  (6|  -  -  ,v>-  .. 


(,vpi)«|(jf  •>,)  I  (hi,  f  ’  (V  -i  I) (■>,»,) 
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■i  1  n  I  -1 
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X  e 
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('-  t  ■'  -  I)' I*  i-  I) 
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Xl(a:  !  a.>  ’ - *>.*.)  ’  ‘x 
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The  normalised  cross-correlation  function  of  the  phase- 
manipulated  signals  at  the  output  of  linear  filters  based  on  (8.6), 
(8.7),  and  (8.8)  will  have  the  form  of 


a)  0  <  0 


,(•)  = 


=  i  n  r  i 

=  *^7Ref  \»,w||  — Jr<H  «,)  •(! -«?..)-  + 


i,m 


0,1/,  (I 


0)  •  ■«»s/,(i  !- 


/,( 0)-O.5/.(l  -•) -0.fi/, (I  |-6) 
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b)  1  <  0  <  11/ 2 


•)  = 


(/. (0) -0.5/. <•-!)- 0,5/, (6  f  I)  11. 
\/8(®)  —  «.5/.(d  —  l)-0.5/a(64-l)  IJ 


Effective  values  of  and  o  ^  are  found  from  (8.12)  at  particular 
valu**::  cf  parameters  0;  ;  a0 ;  p  ;  Bn,  l.e., 

».  -A)  "-WM*)- 

■*  —0.577(1“  op  a5/7(6TIT 

w‘.er.  8  0;  *,  =  «.  ft  -ft— ft. 

-|r--v-0  +  *'ftr"(i-  /jU-  I  M«)~" 

*  —  <».57,(P-  0)  ~o.57s1TM) 

0  .0;  -  a,;  ,0.  -ft  -ft.  (8.12) 


Tn  u’loj'  fc  verify  the  calculation."  It  in  inter^stinr  to 
-  mp a iv  the  ol  taln*'d  results  with  the  results  of  the  precedinp 
chapter.  Frcrr.  (  8 . 1  ~ )- ( 8 . 1 2 )  when  *  dp  =  a;  8^  =  B0  =  0;  n  =  1 
we  can  cl  tain  the  expression  for  the  autocorrelation  function  of 
a  phase-manipulated  sirnal  which  has  passed  a  sinrle  oscillatory 
circuit  whose  central  frequency  corresponds  to  the  maximum  of  the 
enerry  spectrum  of  the  signal.  After  substitutinr  the  indicated 
quant  1 1 1  •  • .  ,  w  rot: 

a )  0  <  0  <  1 


b)  1  <  9  <  IJ/2 

<•>  -  2-  -  »]• 
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where 


From  (7.5)  and  (7.17)  we  ret  analogous  expressions  For  the 
autocorrelation  function  1 f  we  use  the  approximate  expressions  of 
the  effect  function  of  (7.1*0  and  (7.15).  As  already  mentioned, 
these  approximate  expressions  result  in  error  not  exceeding  0.005^ 
for  rather  lonr  sequences,  where  oiIJtt  _>  5.  Consequently,  the 
expressions  for  the  cross-correlation  function  found  in  this 
charter  are  extremely  close  to  the  original  values,  which  can 
theoretically  Le  obtained  1  y  s.vnthesizinr  the  series  ,  as  done  in 
the  precedi  nr  chapter. 

The  ottained  analytical  expressions  for  the  cross-correlation 
function  depend  on  argument  0  and  fixed  parameters:  N  -  the  lenrth 
f  tne  sequence;  n  -  tt,>-  nurrd  er  of  resonance  stares  in  the  filter; 
u-j  ,  a ^  -  the  passl  an  i  coefficients  ;  0  ,  -  the  coefficients  of 

shift  in  the  resonance  frequencies.  fince  the  passbands  of  linear 
fillers  and  d-.,  ar^  linked  to  the  passbands  of  a  separate  stare 
i.y  relationships  p/n '  =  r  P.  ,  *  e  B„,  then  it  also  makes 

sens-*  to  ietermine  the  complete  coefficients  of  the  passbands  and 
the  shift  in  resonance  frequencies  as  follows: 

a;-*  -o »;•*  0.5/^. 

l('0  “^c  ~  fi)  _  '„('*)  2  (fc  —  /t) 

“  ~  n\n)  “  #  ’  itf*  ~ 


where  *„ -  j/^2  --  I . 

The  complete  coefficients  for  the  passbands  and  shift  in 
resonance  frequencies  provide,  in  addition  to  purely  practical 
convenience,  a  way  of  letter  estimatinr  the  effect  of  filter 
parameters  on  the  cross-correlation  properties  of  filtered  phase- 
manipulated  signals,  as  will  le  shown  below.  The  normalized 

2  011 


)'■  n  v  .n  .n 
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cross-correlation  function  was  calculated  by  rr^ans  of  an  electronic 
computer  using  relationships  (8.10)— (8.13). 


8.2.  CORRELATION  PROPERTIES  OF 
PHASE-MANIPULATED  SIGNAL  WHICH 
HAS  PASSED  THROUGH  AN  n-STAGE 
RESONANCE  FILTER 


The  expression  for  an  autocorrelation  function  of  a  phase- 
manipulated  signal  which  has  passes  an  n-stage  filt.er  is  obtained 
as  the  particular  case  of  the  cross-correlation  function  of  the 
output  of  linear  filters  at  parameter  values  of  =  ot^  =  a,  and 

1? .  =  Bp  =  8 . 

It  Is  a  '"cod  Idea  to  examine  separately  the  effect,  of  the 
pnssl  and  and  the  shift  in  resonance  frequencies  on  the  nature  of 
tin-  autocorrelation  function  and  its  parameters.  It  is  interesting 
*■0  study  the  envelope  of  the  autocorrelation  function,  since  In 
most  technical  applications  information  concerning  the  properties 
of  the  signal,  which  consists  of  "high-frequency"  charging  [filling] 
Is  not  used.  Thus ,  we  will  study  the  effect  of  different  factors 
on  the  correlation  properties  of  the  envelope. 

1 .  Chang'''  in  Pass!  and 

We  will  assume  that  there  is  no  shift  in  resonance  frequency, 
l.o.  ,  6  =  0.  For  this  case  Fig.  8.1  shows  t lie  envelopes  of  the 

autocorrelation  function  of  a  filtered  phase-manipulated  signal  at 
a  sequence  length)  II  =  127,  n  =  1  and  n  =  is  the  number  of  stages, 

/  n  \ 

and  at  several  values  of  the  complete  passband  coefficient  a1 
For  comparison  Fig.  8.1  shows  the  envelope  of  the  correlation 
function  of  an  undistorted  figure  (curve  a).  Analysis  of  the 
curve  shows  that  the  envelope  of  the  correlation  function  of  the 
filtered  signal: 


1)  has  a  very  round  peak  at  the  point  of  maximum  correlation, 
which  increases  the  dispersion  of  signal  delay  in  the  presence  of 
interfering  noise; 

2)  widens  along  axis  0  -  the  narrower  the  passband  of  the 
linear  filter  (the  smaller  the  band  coefficient  a^n^),  the  broader 
will  be  the  envelope  along  axis  0; 

3)  falls  monot oni cally  toward  an  established  value  as  relative 
'delay  0  increases; 

^ )  changes  only  slightly  at  a  different  number  of  stages  n, 

if,  of  course,  the  total  passband  of  the  resonance  filter  in  this 

/  \ 

case  remains  constant  (passband  coefficient  ot  ;  does  not  change 
with  a  change  in  the  number  of  stages  n). 

This  la.  t  statement  is  valid  at  least  for  the  studied  cases  of 
o/n)  >  0.25;  n  =  l-'t . 


Fig.  8.1.  Envelope  of  autocorrela¬ 
tion  function  of  filtered  phase- 

manipulated  signal  ( -  n  =  1  ; - 

n  -  A)  . 

2.  Resonance  Frequency  Shift 

Figures  8.2  and  8.3  show  the  envelope  of  the  autocorrelation 
function  cf  a  phase-manipulated  signal  at  the  output  of  a  resonance 
amplifier  for  a  sequence  length  of  M  =  127  and  a  stage  number  o i 
n  =  1  and  4 .  Comparison  of  envelopes  corresponding  to  the  presence 

2  0( 


and  absence  of  a  resonance  frequency  shift  (Bv  '  *  0;  1,  2)  leads 
to  t  e  conclusion  that  the  resonance  frequency  shift  does  not 
result  in  noticeable  distortion  of  the  envelope  of  the  autocorrela¬ 
tion  function  of  a  filtered  signal.  The  effect  of  the  resonance 
frequency  shift  is  noticed  primarily  in  the  form  of  a  certain 
increase  in  correlation  time,  which  even  at  high  shift  coefficient 

values  of  Bv  =  1.2  is  no  more  than  20!£  of  the  correlation  time  of 

( n ) 

an  envelope  when  8^  =0. 


tion  function  of  filtered  phase- 
manipulated  signal. 


function  of  filtered  phase-manipulated 
si gnal . 


3.  Accuracy  Limit  in  Measuring 
De  1  ay 


The  problems  of  the  accuracy  limit  in  measuring  delay  of  a 
filtered  phase-manipulated  signal  result  from  problems  of  reference 
ambiguity.  Since  a  change  in  delay  usually  occurs  from  a  maximal 
envelope  value,  then  an  essential  requirement  of  reference 
ambiguity  would  be  the  absence  for  negligibly  small  value  of) 
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additional  extreme  values  in  the  envelope  near  the  point  of  maximal 

correlation.  From  Figs.  8.1-8. 3,  representing  graphic  dependences, 

and  from  additional  plottings  it  follows  that  the  envelope  of  the 

autocorrelation  function  of  a  phase-manipulated  signal  which  has 

passed  an  n-stage  resonance  filter  has  when|0|  <  N/2  a  single 

/  \ 

maximal  value  at  any  values  of  the  band  coefficient  or  ' ,  shift  in 
resonance  frequency  8^  ,  or  number  of  cascades  n,  which  is 

important  from  the  standpoint  of  using  filters  to  shape  and  process 
phase-manipulated  signals. 

Let  us  examine  the  parameter?  of  a  linear  filter  through  which 
a  signal  passes  on  the  potential  (limiting)  accuracy  of  measuring 
delay  of  a  filtered  phase-manipulated  signal  in  the  presence  of 
noise.  From  the  theory  of  estimating  signal  parameters  [39]  we 
know  that  in  a  case  where  the  signal/noise  '’atio  is  rather  high, 
dispersion  in  estimating  the  parameter  is  Inversely  proportional  to 
the  signal/noise  ratio  and  the  curvature  of  the  normalized  auto¬ 
correlation  function  of  the  useful  signal  for  the  estimated 
parameter  at  its  maximum,  i.e., 

_ l_ 

where  a1"  is  the  ratio  of  signal  energy  to  the  spectral  density  of 
the  noise. 

The  accuracy  limit  in  measuring  delay,  determined  by  dispersion 
in  this  delay,  is  expressed  by  the  relationship 


The  results  of  calculating  the  second  derivative  of  the  envelope 

of  the  autocorrelation  function  of  a  filtered  signal  when  9=0 

/  n  \  /  n  \ 

as  a  function  of  the  parameters  of  the  linear  filter  n,  or  ,  8V 
are  shown  in  Fig.  8.4.  From  these  dependences  it  follows  that: 
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Fir, 

n  = 


-  n=J;-**-n=4. 


coefficient  decrear* 


1)  with  a  chanpe  in  the 

number  of  stages'  n  from  one  to 

four  the  second  derivative  of  the 

envelope  at  constant  values  of 
(n)  „(n) 


a  and  B 
cant ly  ; 


decreases  insipnifi- 


2)  the  nature  of  the 
dependence  of  the  second  derivative 
on  coefficients  and  8 ^ n ^  is 

practically  the  same  at  different 
nutnl  ers  of  stares;  as  the  band 


the  mapnitude  of  the  second  derivative 

(n) 


iocreaser  almost  in  proportion  to  the  decrease  in  a 


for 


Cn) 


<  0.8  the  second  derivative 


virtually  independent  of  the 


coe  fficient 
r  ( n ) 


of  shift  in  resonance  frequency,  at  least  when 
(n) 


w\j  |  _<  1.2;  when  a  >_  0.F  the  second  derivative  increases  with 
an  increase  in  the  coefficient  of  shift  in  resonance  frequency. 


4 .  Knvelope  Parameters 

let  ur  find  the  width  of  the  main  lobe  and  the  correlation 
•  tme  of  the  t-nvelope  of  the  correlation  function  of  the  filtered 
signal.  The  method  of  analysis  is  similar  to  that  used  in  the 
rrocellnp  chapter.  The  calculations  were  made  on  the  electronic 
computer.  Figures  8 .  r> ,  8.6,  and  8.7  show  the  dependence  of  width 
0  and  correlation  time  0j.  of  the  envelope  cn  the  passband 
coe  f  f  i  ci  <•  nt  for  several  values  of  the  resonance  frequency  shift 
coefficient  for  1  and  4  stapes.  From  these  fipuros  it  follows  that 
the  width  of  the  main  lob.e  and  correlation  time  are  basically 
determined  by  the  passband  coefficient  of  the  filter.  Maladjustment 
of  the  filter  at  a  high  coefficient  of  shift  in  resonance  frequency 
| B  |  £  1.2  does  not  cause  substantial  impairment  in  the  correla¬ 
tion  properties  of  the  filtered  phase-manipulated  sipnal.  Neither 
does  a  change  in  the  number  of  stapes  n  =  1-4  (i.e.,  the  effect  of 
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the  shape  of  the  amplitude-frequency  characteristic)  have  a 
substantial  effect  on  the  width  and  correlation  time  of  the 
envelope . 


width 


Fir.  8.6.  Correla¬ 
tion  time  (for 
n  =  1 ) . 


Fir.  8.7.  Corre¬ 
lation  time  (for 
n  =  4) . 


q.3.  EFFECT  F  NOniDENTirAL 
CHARACTERICTTCr  OF  LTIIF.AF  UNITS 
::  SYSTEMATIC  ERROR  TIJ  MEASURING 
DELAY 


Noni  l-^nt  I  cal  filter  parameters  in  the  channels  of  a  correlation 
system  result  in  different  values  for  croup  delay  times  in  the 
sirnals  and  arc  th<-  source  of  error  in  measuring  delay  time.  The 
maximum  cross -correlation  function  of  linear  filter  outputs  is 
shifted  in  relation  to  the  case  of  completely  identical  parameters 
in.  these  filters.  Let  us  estimate  the  effect  of  filter  parameters 
on  the  marnitude  of  systematic  error  In  measuring*  delay. 


1.  Non! dent  leal  Passbands 


Let  us  assume  that  the  coefficients  of  shift  in  resonance 
f^'-qu^ney  are  equal  to  zero.  We  will  introduce  dependences  plotted 
on  the  basis  of  the  formulas  derived  in  §  8.1. 


RIO 


In  Fig.  8.8  we  see  the 
envelopes  of  the  normalized 
c -oss-correlation  function  of 
phase-manipulated  signals  for 
several  nonidentical  passband 
values  the  mean 

arithmetic  value  of  the 
passband  coefficient 
a  =  0.5(a^  +  )  =  1.0, 

and  a  stage  number  of  n  =  4. 
Characteristic  is  the  presence 
of  a  shift  in  the  envelope  along  the  x-axis.  The  greater  the 
nonidentity  of  the  bands,  the  greater  this  shift.  If  the  passband 
f  filter  is  greater  than  that  nf  it  i.e.,  ainVain^  >  1,  then 
tbi»  envelope  maximum  of  the  cross-correlation  function  is  observed 
at  additional  delay  in  the  channel  of  filter  .  Analysis  of  many 
curves  plotted  for  different  values  of  parameter's  n,  ajn\  and 
shi  w  that  a*  least  for  a  stare  number  of  n  =  1-4,  a  mean  arithmetic 
passband  of  =  0.5(ajn^  +  a[n^ )  _>  0.25,  and  a  cliange  in  the 

nonidentity  of  the  pass  hands  of  ounVo4n'  =  0.6-1. 6,  the  shape  of 

-I  C- 

the  envelope  of  the  cross-correlation  function  is  virtually 
unchanged  and  remains  as  the  envelope  of  the  autocorrelation 
function  of  a  phase-manipulated  signal  when  o/n')  =  a  . 

In  order  to  find  the  shift  in  the  envelope  maximum  or  the 
systematic  error  in  measuring  signal  delay,  which  is  the  same  thing, 
the  curves  of  Figs.  8.9-8.12  were  plotted  to  determine  this  delay 
from  the  moment  that  the  envelope  maximum  is  reached.  Shown  here 
is  the  dependence  of  the  relative  time  of  shift  in  the  maximum 
9fj)  on  the  nonidentity  of  the  pass  bands  a^n  /a^n^  for  three  values 
of  the  mean  arithmetic  passband  coefficient  a  =  1.0,  0.6,  0.25 
and  at  a  stage  number  of  n  =  1-4. 


correlation  function  in  the  case 
of  nonidentical  passbands  of 
fi  Iters . 
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rip.  8.^.  Relative  shift  In 
envelope  maximum. 


10  i.o  />  «/7«r 

Fir.  8.11.  Relative  shift  in 
envelope  maximum. 


Fir.  8.12.  Re  1  at  1  ve  shift  In 
envelope  maximum. 


>  to 

Pip-.  8.10.  Relative  shift  in 
envelope  maximum. 


From  the  figures  it  follows 
that  the  shift  in  the  envelope 
is  almost  proportional  to  the 
non!  ientity  of  the  passbands 
a^nVa^n^  and  prows  as  the  number 
of  stares  n  increases  and  as  the 
mean  arithmetic  band  coefficient 
decreases.  The  curves  are 
plotted  for  a  passband  nonidentity 
of  jnVotpn'  >  1  [sic].  Tn  this 

case,  where  <  1,  and, 

consequently,  the  passband  of 
filter  is  rreater  than  , 
the  envelope  maximum  of  the 
cross-correlation  function  will 
be  observed  at  a  certain  additional 
delay  in  the  channel  of  filter 
The  mapnitude  of  this 

u 

additional  delay  can  be  found 
with  the  same  diaprams,  although 


the  band  nonidentity  will  have  to  take  the  reverse  value,  i.e., 
~(n)  /Jn) 
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2.  Relative  Shift  in  Resonance 
Frequency  of  Filters 


Let  us  examine  the  effect  of  a  shift  in  the  resonance  frequency 
of  filter  on  the  envelope  of  the  cross-correlation  function  in 
a  case  where  the  passhands  of  filters  and  are  the  same,  i.e., 

=  a^n')  =  a^n^  and  where  a  shift  in  the  resonance  frequency 
filter  is  absent,  i.e.,  8^,n^  =  0. 


Figure  8.13  shows  envelopes  of  the  normalized  cross-correlation 
function  cf  phase-manipulated  signals  in  the  presence  of  a  shift 
In  the  resonance  frequency  of  filter  (sequence  length  N  *  127). 

A  comparison  of  curves  corresponding  to  the  absence  and  presence 
of  a  shift  in  resonance  frequency  =  0  and  8-jn^  ■  1.2  leads  to 

the  following  conclusions: 


Fir.  8.13.  Envelope  of  cross- 
correlation  function  with  shift 
In  resonance  frequencies  of 
filters . 


1)  As  the  shift  in  the 
resonance  frequency  of  one 
filter  appears,  the  envelope 
maximum  of  the  cross-correlation 
function  shifts  along  the  axis 
cf  delay  0  and  the  magnitude 

cf  the  maximum  falls; 

2)  In  the  case  of  a  shift 
In  resonance  frequency  correla- 

omewhat , 


tlon  time  increases 
,  (n) 


although  ev^n  at  high  degrees  of  maladjustment 
Increase  constitutes  no  more  than  30$; 


=  1.2  tills 


3)  additional  plottings  show  that  in  the  presence  of  a  shift 
in  the  resonance  frequency  of  one  filter  the  shape  of  the  envelope 
of  the  cross-correlation  function  changes  slightly,  at  least  for 

<125;  !  pi"1!  ■%  1 .2;  //  —  I  4. 
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Systematic  error  in  measurinr  the  delay  of  a  phase-manipulated 
signal  for  the  studied  case  is  shown  in  Firs.  8.1*1  and  8.1 5  as  a 

/  N 

function  of  the  coefficient  of  maladjustment  b|  ;  at  mean  arithmetic 

land  coefficient  vuaues  of  a  =  =  0.25,  0.5,  1.0,  and 

cl  2  *  ’ 

for  n  =  1  ;  -i. 


*«M  «  1  1 

.  -*  t  •  •  ± 


°S1 

’.of 


0.1  oj  fl}" 

Relative  riilft 


u.velope  maximum. 


A»- 


Vc  •  O.U  - 


From  an  analysis  of  the 
curves  it  follows  that  systematic 
error  in  measuring  delay  in  the 
presence  of  a  shift  in  the 
resonance  frequency  of  the  filter 
of  nee  channel  relative  to  the 
second  lias  a  weak  dependence  on 
the  number  of  stares  a1  riven 
parameters  of  ain^  and  B-jn\  The 
same  systematic  error  value  is 
also  low  when  |B^r‘  |  _<  1.2; 
a  _>  0 .  /  Fisa  quantity  of  less 
than  77  of  the  lenrtii  of  the 
clock  interval  of  the  pseudorandom 
sequence . 


0  ~C. *  o.i  /if" 

Fir.  fi  .  1 r; .  Relative  shift 
'•nvc  lone  r.n  x !  mum . 


l'firtii.  From  relationships 
■use  of  a  Jonror  sequence, 
quantities  will  not  depend 
riven  cycle  [clock]  value  t 


The  rraphic  dependences 
shown  above  were  calculated  for 
pseudorandom  sequences  of  N  =  127 
in  cycles.  The  obtained  results 

can  also  be  used  for  phase- 
manipulated  signals  of  rreater 
( 8 . 10 )-( 8 . 12)  it  follows  that  in  the 
when  !J  +  l/’l  =  1,  the  foil  owi  nr 
on  the  lenrtii  of  the  sequence  at  a 


1)  the  width  of  the  envelope  of  the  cross-correlation  function, 


I 


f 


2)  systematic  error  in  measuring  delay  of  a  phase-manipulated 
signal. 

Correlation  time  depends  essentially  on  N  and  is  weakly 

dependent  on  the  number  of  stages  n  and  on  shift  coefficient  B 1  . 

A  rough  value  fcr  correlation  time  can  be  obtained  fnm  (7.31), 

where  instead  of  a  we  will  substitute  the  value  of  the  mean 

arithmetic  land  coefficient  a  . 

c 

3. A.  fYFTEKA  ”  '  '  EROR  IN  MEASURING 
RELAY  FOR  NT  FILTERS  IN  THE 

CHANNELS  Cr'  .ELATION  SYSTEM 

Error  in  .-.•-asuring  delay  will  in  a  number  of  cases  occur  when 
the  passband  cf  the  filters  in  the  channels  of  the  correlation 
system  are  considerably  broader  than  the  frequency  band  occupied  by 
the  spectrum  cf  the  signal.  These  errors  are  not  great,  although 
analysing  and  calculating  them  is  valuable  in  designing  correlation 
systems  intended  for  exact  measurements.  It  is  assumed  that 
nonlinear  distortions  in  the  signals  are  absent  and  that  the  pass- 
lands  of  the  linear  filters  in  the  channels  and  are  s0 
great  that  within  the  limits  of  the  main  part  of  the  energy 
spectrum  of  the  phase-manipulated  signal  the  amplitude-frequency 
and  phase-frequency  characteristic  can  be  represented  with 
sufficient  approximation  by  the  first  two  terms  of  expansion  In  the 
Taylor  series,  i.e., 


KP(f)  **KP{fc)  +K'p{fc){f-  U). 

<T>P  U )  « <T>p  (M  +  T>'r  (M  (f-M . 


where  p  =  1,  2. 

Let  us  substitute  these  relationships  in  the  formulas  which 
determine  the  correlation  coefficient  (8.1).  We  will  substitute 
the  variable  x  ■  f  -  f  and,  considering  the  narrow-band  nature  of 
the  signals,  consider  the  lower  limit  of  -f  to  be  equal  to  -*>. 


__  cos  j2r./et  j-  (lc)  —  <»,  (f.)| 


Js(m*l(M*,(M+ 

+  *\  lie)  *'=  (fc)  n  ays  2 «/  [  t  df  - 

j,S(/)/[lC'l(/e)Kt(M  + 

+  *,  l/e)  * (/e))sin  2r.f  [t  +  j  df. 


The  expression  for  r^^(r)  is  obtained  from  r^C?)  by  a  mutual 
inversion  of  the  indices  of  tti  and  .  Since  the  energy  spectrum 
and  the  correlation  function  of  the  pseudorandom  sequence  are 
related  by  the  Wiener-Khinchin  transform,  then  the  following 
relationships  are  quite  obvious 


r'  (t)  —  —  2*  f/Sr/)sin>M. 


r”(-)  -~4*s  f/;.9^icos2*/*rff. 


in  t.his  case  the  normalized  cross-correlation  function,  which  is 
written  it.  the  form  of  the  product  of  the  envelope  times  the 
cosinusoidal  function,  will  have  the  form  of 

r,_(d,=  .1c^|2r/c-.  f  <l>,(/r)  «M/C)  (8.14) 


wh^r*3 


Wit0.f,+ 


n* . 

?«  |f  + 


*■',  d  t  K,  (!)  P  A’,  Ur)  K',  Ur) 
2* 


5J-  IK*,  (fe)  *.  (M  +  *,  (/.)  /V',  (Ml  X 
1  }  .  Ctg K,  (/,) A-, (/.)  '[<+  —  ] - 

“  >,,ii,)v,ii,i  ..i  .  i.  ; 


4r 


■1 


r"  h  + 


2« 


’.=  /#!  (/.I  (/.)!*: 

’  V  K>t‘>  -  T#I'C’=I/.)I’- 


In  analyzing  the  cross-correlation  function  from  the  relation¬ 
ships  of  (8.1*0  we  must  calculate  the  values  of  the  autocorrelation 
function  of  the  pseudorandom  sequence  and  its  first  two  derivatives. 
The  autocorrelation  function  of  a  binary  pseudorandom  sequence  in 
the  range  of  the  main  lobe  lias  a  triangular  nature  and,  consequently, 
its  first  lelay  derivative  will  have  an  undetermined  magnitude  at 
the  break  points,  while  the  second  derivative  will  have  the  form  of 
the  delta-function.  However,  it  should  be  kept  in  mind  that  this 
is  valid  for  sequence  pulse  fronts  of  Infinitely  small  duration.  In 
practice  the  pulse  fronts  of  a  sequence  shaped  by  a  shift  register 
have  a  finite  magnitude.  The  finite  magnitude  of  the  fronts  can 
be  considered  by  introducing  at  the  output  of  the  source  of  the 
ideal  pseudorandom  sequence  a  RC  type  of  low-frequency  filter  with 
a  corresponding  band  coefficient  a,  which  depends  on  the  properties 
of  the  cells  [bits]  of  the  forming  register.  Since  the  amplitude- 
frequency  characteristic  of  the  RC- filter  is  the  same  as  that  of  a 
single  oscillatory  circuit  with  a  resonance  frequency  equal  to 
zero,  then  in  analyzing  the  cross-correlation  function  from  (8.1*0 
we  must  use  the  expression  for  the  envelope  of  the  phase-manipulated 
signal  which  has  passed  through  a  single  oscillatory  circuit.  It 
is  quite  obvious  that  in  view  of  the  wide-band  nature  of  the  linear 
filters,  the  envelope  for  relationship  (8.14)  must  be  close  in 
form  to  the  envelope  of  the  autocorrelation  function  of  a  phase- 
manipulated  signal.  However,  as  follows  from  (8.14),  in  the  case  of 
nonidentical  parameters  in  these  filters  there  is  a  shift  in  the 
position  of  the  envelope  maximum,  which  is  equal  to 


217 


or,  if  we  shift  to  relative  delay  time  introduced  earlier, 

6-  =' 2^  l*'. </•)  • '  **. Oc)l-  (8.15) 

For  a  case  where  the  linear  filters  of  the  correlation  system 
are  n-stage  resonance  amplifiers  tuned  to  the  same  frequency,  the 
expressions  for  the  phase-frequency  characteristics  will  have  the 
form  of 

■l»p  --^//  arctg 

where  p  =  1,  2,  and  systematic  error  in  measuring  the  delay  of 
phase-manipulated  signals  will  be  equal  to 

9“  ~  ^  l^T1  n  t  i«.Tn  1 1  +  J  *  ( R  ‘ 1 6 } 


The  dotted  curves  in  Figs.  8.9-9.12  represent  systematic 
error  values  calculated  by  means  of  tne  asymptotic  formula  (8.16) 
for  the  case  of  uc  =  1.0.  By  comparing  the  curves  plotted  from 
the  approximate  formula  of  (8.16)  and  calculated  by  means  of  exact 
relationships,  it  follows  that  the  approximation  is  sufficient, 
and  that  the  greater  the  number  of  stares,  the  more  satisfactory 
it  will  be.  Thus,  to  calculate  systematic  error  in  measuring  the 
time  shift  of  two  phase-manipulated  signals  in  the  case  of  wide-band 
filters  for  which  the  passband  coefficient  al,n ^  >_  1-1.5  the 

asymptotic  formula  of  (8.16)  is  valid  for  a  sufficient  degree  of 
practical  accuracy. 

In  systems  for  measuring  distances  with  a  higher  degree  of 
accuracy  [6*J]  delay  can  be  further  defined  at  a  sufficient 
signal/noise  ratio  from  the  high-frequency  filling  of  the  cross¬ 
correlation  function.  The  system  becomes  a  phase  meter,  which 
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places  more  rigid  demands  on  the  stability  of  the  phase  character¬ 
istics  of  the  receiving  and  reference  channels.  Since  delay  is 
registered  as  before,  according  to  the  envelope  maximum  of  the 
cross-correlation  function,  then,  as  follows  from  (8.1*0,  phase 
angle  0(t)=O.  Consequently,  the  phase  shift  in  the  filling  of  the 
oross-correlat i on  function  is  equal  to 


'I',  (fc)  -  'M/e)  =  « larclg  -  arctg*BpJ"’l. 

Obviously  in  exact  delay  measurement  we  are  interested  in  small, 
i-rmissille  phase  increments  A<J> ,  which  are  determined  by  the 
nonidentity  cf  the  phase  characteristics  of  the  channels.  If  we 
assume  that  the  channels  are  equivalent  from  the  standpoint  of 
possillo  change  in  the  phase  characteristics  and  consider  that  the 
phase  shift  acquires  Its  greatest  value  under  a  different,  maladjust 
merit  sign,  i.e., 


0<"l _  at*) _ fit") 

n  P*  P»mi  ’ 


then  we  write  the  requirements  for  the  permissible  coefficient  of 
shift  In  tire  resonance  frequencies  of  linear  filters  in  the  form  of 


0,,,>  — 

■  ■  ~  ntm ' 


(8.17) 


The  conclusions  drawn  in  this  chapter  are  in  good  agreement 
with  experimentally  obtained  measurements.  The  results  of 
experimental  verification  of  the  envelope  of  the  cross-correlation 
function  for  several  filter  parameters  are  presented  together  with 
ttie  corresponding  theoretical  curves  in  Figs.  8.16  and  8.17. 

Confirmed  are  t lie  deductions  of  the  presence  of  a  shift  in  the 
maximum  of  the  cross-correlation  function  in  the  case  of  nonidentical 
parameters  in  filters  and  and  of  a  certain  increase  in 
correlation  time  in  the  case  of  a  shift  in  the  resonance  frequency 
of  the  filter  relative  to  the  central  frequency  of  the  phase- 
manipulated  signal  which  enters  its  Input. 
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S.t  -1,9  -t,4  -0,9  0  $5  tj  /> 

Fig.  8.16.  Calculated  and  experimental 
dependences  of  envelope  of  cross- 
correlation  function  of  filtered  phase- 
manipulated  signals. 


r#* 


Fig.  fi.17.  Calculated  and  experimental 
dependences  of  envelope  of  cross¬ 
correlation  function  of  filtered  phase- 
manipulated  signals. 
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APPENDIX 

Integral  (4.13)  is  found  by  using  the  following  calculations 
for  the  contour  integral  [14,  p.  356]: 


—xt-J  “*  ,  (u  Pf)  i  'P  </i 


<»r(*  +  i  )Pf 


r  /«  +  »-».  ..  \ 

2  •  m+,t 


where  I  (s)  ir  a  modified  Bear, el  function  of  the  first  kind: 
-^(a;  b;  x)  is  a  hypergeometri c  function,  determined  by  the 
following  series: 


,f,  K.  »i<).  I  +  '■%-+  Vjpjyir  *'  +  • 


If  we  consider  the  relationships  of  (4.10)  for  particular  values  of 
m  =  0,  k  =  0,  Pj  *  0,  then  we  find  the  unknown  Integral: 


- «r„+,K 

I  ♦  r  /  M 


rr(.+-f) 


* 

IMr.o„r. 


( A .  1 ) 
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